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Source line
SG2 Write sequence
T N STy root s
Memory cel 1 1(D) 1) 1iQAD)
~-Memory cell 2 i @i @
Memory cell 3 1 @ ! @
~ Memory cel 4 | ()} | (10)!
Memory cell § E @ @
~Memory cel 6 | ()11 (16)! 1 @)
Memory cell 7 1Q3) | 1Q9) | 1(23) i
= Memory cell 8 § (9! i @),
] 5 Jt 7 _J - J
SG! First )page “; Third )page
o Second page L
V"
FIG. 22A
Source fine
362 Mrite sequence
A O RHORIO)
l ~~Memory cell 2 { @E (D! (9
Memory cell 3 @ i 0 @
l == Memory cell 4 @;
Memory cel 5 (1) 1 1(3) +1@)
I ~~Memory cell 6 @ f ' g @
Memory cel 7 10D 1109 &)
| ~Memory cell 8 | (18)} ! @)} ! !
R L -
SG1 First )page “; Third )page
o Second page L

~

FIG.22B
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(Third page write operation)

Sheet 22 of 61

391

| Reset data storage circuit |
7 P

[ Load data |
T 59

| Internal read (¥, 1) |
y _S94

Set data storage circuit 1, set
PC=0, and load fifth flag cell data

r /895
| Program, PC=PC+I ]

596

Is there
any data to be written
into memory cell
data 47

YES _S97

[ Verify (d') B

r

$98

Is there
any data to be written
into memory cell
data 57

S99

PC > the
number of verify starts

in verify (e)
?
YES _5100
[ Verify (¢') ]

number of verify starts
in verify (f')
?

$102

PC > the

number of verify starts

in verify (g')
?

NO 5103

[ Only verify (f') K

YES

Y

S104

PC > the

number of verify starts

in verify (g')
?

YES 5105
[ Verify (f', g') ]

FIG.23

maximum number of
program loops
?
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P n

| Load third flag cell data |
) _§109

Sheet 23 of 61

[ Internal read (d¥) ]

. _S10

Set data storage circuit 2, set PC
=0, and load fourth flag cell data

STl
[ Program, PC=PC+1 |

any data to be written
into memory cell

maximum number of
loops in verify (a')
?

YES  _S1i4
Verify (a¥, ') 1
Y

-

number of verify starts
in veri'i?‘y v

number of verify starts
in ven:y ()

P

\

number of verify starts
in verify (¢')
?

YES _SI19

[ Verify (b', ¢') |

FI1G. 24

X _s120

maximum number of
program loops
?
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(First page read operation)

S131 Read (d)

____________ < Read (d*)

I After third page
i is written into

R e el L Ly p———

US 9,142,299 B2

P . S136
{ After second page - =
{ is written into
S133 Output data
FIG.27TA

(Second page read operation)

S141 Read (b)

_—7’0

——
_______

5143 ~ Read (d/f) Read (d*,f*) $148
Y —

[ [ Fix data to 1 and

5144 ~ Qutput data output the data

FIG.27B
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(Third page read operation)

US 9,142,299 B2

$151 ~4 Read (e,g)

Y
5152 Read (a,c)

S153
FCS/ ]
o 0
:'/A—f;;; third page\‘g
s written into ‘
[ Fix data to 1 and

S154 ~ Output data output the data

~— 5185

FIG.28
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(Third page write operation)

Sheet 28 of 61

=S8
L Reset data storage circuit |
y S92

[ Load data
! 593
[ Internal read (%, ) |
Y _S15]

Set data storage circuit (1), set PC
=0, and load second flag cell data

>y
<

r _S95
[ Program PC=PCH |

596

Is there
any data to be written
into memory cell

_s91

[ Verify (d') ]

any data to be written
into memory cell
data §°7

S99

PC > the

number of verify starts

in verify (e')
?

YES
| Verify (e')
Y

_S100

l

number of verify starts
in ven;Iy (f')

number of verify starts

in verify &)
NO 5103
l Only verify (f') |

L o

\

PC > the
number of verify starts

S104

in veri’\;y &)
YES  _S105
| Verify (f, g') |

P

S106
All PDC=1
?

FIG.29

maximum number of
program loops
?
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| Load third flag cefl data |
7 5109
[ Internal read (d¥) [
. ( _S161
Set data storage circuit (2), set PC !
=0, and load first flag cell data "umb;r gﬁ\f';"(‘;y»ftms
- st ?
[ Program, PC=PC+i |

S112

any data to be written
into memory cell

maximum number'of
loops in verify (a')
?

number of verify starts
in verify (¢
?

)

_SN7

[ Only verify (b')

1

NO

-

A

PC > the

number of verify starts
in verify (c'
l?

YES

S118

)

_S119

YES  _Sii4
[ Verify (a#', a') |
Y
FIG. 30

—

Verify (b', ¢') |

YES

Al PDC=1
?

NO

PC < the

maximum number of
program loops
?

» NO

$120

S121
YES

CaiD
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(First page read operation)
S131 Read (d)
S201
FC2
-0

Sheet 30 of 61

S134
J./

(" After third page ‘;
| is written into J

| T ——

US 9,142,299 B2

.............. rS_L 36
t After second page e et |
{\ is written into
5133 Qutput data
FIG.31A

(Second page read operation)

S141 Read (b)
S211
i
FCl 5145
0 [~
____________ Read (a)
{ Atter third page )
| is written into j
r’A?EéFEEE&n'd —————— 0
[ pageis |
, . yiten o/ S
$143 Read (df) Read (d%,f¥) 5148
\
[ Y Fix data to 1 and

S144 Output data output the data

F1G.31B
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_S301
Reset data storage circuit
Load data
[ _S303
SDC-PDC
4 ISSM

Invert data, set PC=0 and copy
data in PDC into DDC

1 S305
Program, PC=PCH+

r /3306

Verify (V')

PC < the maximum
number of program
loops ?

L
U

E

FIG. 34
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Second page write operation

_S3N

Reset data storage circuit

) 3

Sheet 34 of 61

[ Load data

7 — 5313

Load first flag cell data

]

T —S3ld

is written into (b))

Internal read (a) {after second page

) 5315

and load second flag cell data

Set data storage circuit, set PC=0,

>

3 _S316

| Program PC=PC#1

St

{s there
any data to be written
into memory cell

maximum number of
loops in verify (2’)

FIG. 35

number of verify starts
in verify (b’
?

number of verify starts
in verify (¢’)
?

-

number of verify starts
in verify (c’)
?

YES s34
| Verfy ®, c¥'c’) ]

maximum nurmber of
program loops
2
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Third page write operation

3351
| Reset data storage circut |
T —50

| Load data
Y 5353
[ Intemalread (or, #) |
T o

Set data storage circuit 1, set
PC=0, and load fifth flag cell data

Sheet 44 of 61
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3 _5355
| Program, PC=PC+1 |

any data to be written
into memory cell

number of verify starts in
verify (")

5358
[ Verify (d') ]

any data to be written
into memory cell data

number of verify, starts in
verify (')
?

VES 3l
[ Verify (d', e*',e’) |
Y

number of verify starts
in verify (f')
?

number of verify starts
in ven"gy (")

_S364

[ Only verify (')

1

.
P

¢

PC > the
number of verify starts
in verify (g’)

?

S365
NO

YES

5366

Verify (f', g*', g")

-

]

maximum number of
program loops
?
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SD 5369

[ Internal read (ad¥) ]

r 8310
Set data storage circuit (2) and
set PC=0
3 =33 number of verify starts
[ Program, PC=PC+1 | in verify (')
8312 '

5316
any data to be written

. PC > the
into memory cell

number of verify starts
in verify (c')
?

| YES

maximum numberlof
loops in verify (a')
?

r

number of verify starts
in verify (c’)
?

[ Verify (a¥', 2') |
Y

YES  _s3m9
[ Verfy (o', o', ¢') |

[

$380
YES A PDC=1

?
NO

S381

PC < the
maximum number of
program loops
?

YES

»| NO
y

F1G. 46 End
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SEMICONDUCTOR MEMORY DEVICE
WHICH STORES PLURAL DATA IN A CELL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of and claims the benefit
of priority under 35 U.S.C. §120 from U.S. application Ser.
No. 13/754,057, filed Jan. 30, 2013, which is a continuation of
U.S. application Ser. No. 13/413,779, filed Mar. 7, 2012, now
U.S. Pat. No. 8,385,130, which is a division of U.S. applica-
tion Ser. No. 12/775,571, filed May 7, 2010, now U.S. Pat.
No. 8,154,930, which is a continuation of U.S. application
Ser. No. 12/117,767, filed May 9, 2008, now U.S. Pat. No.
7,738,302, which is a division of U.S. application Ser. No.
11/759,627, filed Jun. 7, 2007, now U.S. Pat. No. 7,376,009,
which is a division of U.S. Ser. No. 10/988,592, filed Nov. 16,
2004, now U.S. Pat. No. 7,245,528 and claims the benefit of
priority under 35 U.S.C. §119 from Japanese Patent Applica-
tions No. 2004-024475, filed Jan. 30, 2004, and No. 2004-
160165, filed May 28, 2004, the entire contents of all of which
are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a semiconductor memory device
capable of storing, for example, 2 bits or more of data.

2. Description of the Related Art

A nonvolatile semiconductor memory device capable of
storing multivalued data, such as a NAND flash memory
using EEPROM, has been proposed (for example, refer to
Jpn. Pat. Appln. KOKAI Publication No. 2000-195280).

Inanonvolatile semiconductor memory device of this type,
when multivalued data is stored in a memory cell, a threshold
voltage corresponding to each data is set in the memory cell.
The number of threshold voltages increases as the number of
bits in data stored in the memory cell increases. For example,
to store 2 bits of 4-valued data, four threshold voltages are
required. To store 3 bits of 8-valued data, eight threshold
voltages are needed.

When data is written into a memory cell, it is verified
whether the threshold voltage of the memory cell has reached
athreshold voltage corresponding to the data to be written. To
carry out a verify operation, the bit line to which the memory
cell is connected is precharged to a specific potential. In this
state, a verify voltage is supplied to the word line. If the
threshold voltage of the memory cell has not reached the
threshold voltage corresponding to the writing data, the
memory cell turns on. As a result, the potential on the bit line
is discharged via the memory cell and therefore goes low. In
contrast, if the threshold voltage of the memory cell has
reached the threshold voltage corresponding to the writing
data, the memory cell remains off. As a result, the bit line
remains high. The potential on the bit line is detected, thereby
verifying the threshold voltage of the memory cell. The result
of'the verification has shown that the threshold voltage of the
memory cell has not reached the threshold voltage corre-
sponding to the data to be written into, writing is done again.

As described above, in a nonvolatile semiconductor
memory device which stores multivalued data, when the
number of bits of data to be stored is large, the number of
threshold voltages set in the memory cell increases. In writing
data, the verify operation has to be carried for on each thresh-
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old voltage. Consequently, it requires a long time to carry out
the verify operation, which makes it difficult to speed up the
data write operation.

BRIEF SUMMARY OF THE INVENTION

According to a first aspect of the present intention, there is
provided a semiconductor memory device comprising: a
memory cell array which is configured to have a plurality of
memory cells arranged in a matrix, each of the plurality of
memory cells being connected to a word line and a bit line and
being capable of storing n values (n is a natural number equal
to or larger than 3); and a control circuit which controls the
potential of the word line and bit line according to input data
and writes data into a memory cell and which writes data into
the memory cell to a k-valued threshold voltage (k<=n) in a
write operation, precharges the bit line once, and then
changes the potential of the word line an i number of times to
verify whether the memory cell has reached an i-valued
(i<=k) threshold voltage.

According to a second aspect of the present intention, there
is provided a semiconductor memory device comprising: a
memory cell array which is configured to have a plurality of
memory cells arranged in a matrix, each of the plurality of
memory cells being connected to a word line and a bit line and
being capable of storing 4 values; and a control circuit which
controls the potentials of the word line and bit line according
to input data and writes data into the memory cell and,
wherein the control circuit, in a first write operation, changes
the threshold voltage of the memory cell from a first threshold
voltage to either the first threshold voltage or a second thresh-
old voltage (the first threshold voltage<the second threshold
voltage) and in a second write operation, changes the thresh-
old voltage of the memory cell to either the first threshold
voltage or a third threshold voltage (the first threshold
voltage<the third threshold voltage) if the threshold voltage
of'the memory cell is the first threshold voltage, and to either
a fourth threshold voltage (the second threshold voltage<=the
fourth threshold voltage) or a fifth threshold voltage (the
fourth threshold voltage<the fifth threshold voltage) if the
threshold voltage of the memory cell is the second threshold
voltage and which, in the first and second write operations,
raises a program voltage in increments of AVpgm and carries
out a write operation by repeating a program and verify opera-
tion, AVpgm in the first write operation being larger than
AVpgm in the second write operation.

According to a third aspect of the present intention, there is
provided a semiconductor memory device comprising: a
memory cell array which is configured to have a plurality of
memory cells arranged in a matrix, each of the plurality of
memory cells being connected to a word line and a bit line and
being capable of storing 4 values; and a control circuit which
controls the potentials of the word line and bit line according
to input data and writes data into the memory cell, wherein the
control circuit, in a first write operation, changes the thresh-
old voltage of the memory cell from a first threshold voltage
to either the first threshold voltage or a second threshold
voltage (the first threshold voltage<the second threshold volt-
age) and in a second write operation, changes the threshold
voltage of the memory cell to either the first threshold voltage
or a third threshold voltage (the first threshold voltage<the
third threshold voltage) if the threshold voltage of the
memory cell is the first threshold voltage, and to either a
fourth threshold voltage (the second threshold voltage<=the
fourth threshold voltage) or a fifth threshold voltage (the
fourth threshold voltage<the fifth threshold voltage) if the
threshold voltage of the memory cell is the second threshold



US 9,142,299 B2

3

voltage and which, in the second write operation, sets a maxi-
mum value to the number of verify operations of verifying
whether the third threshold voltage has been reached by
repeating a program and verify operation and, when the num-
ber of verify operations has reached the maximum value,
skips the verify operation of verifying whether the third
threshold voltage has been reached.

According to a fourth aspect of the present intention, there
is provided a semiconductor memory device comprising: a
memory cell which stores data using a first threshold voltage
to an n-th threshold voltage (n is a natural number equal to or
larger than 2); and a control circuit which writes any one of
the first to n-th threshold voltages according to input data,
wherein the control circuit, in a first write operation, writes
k-valued threshold voltages of the n-th threshold voltage,
(n-1)-th threshold voltage, . . ., (n—k+1)-th threshold voltage
into the memory cell and, in a second write operation, writes
k-valued threshold voltages of the (n—k)-th threshold voltage,
(n-k-1)-th threshold voltage, . . . , (n-2k+1)-th threshold
voltage into the memory cell and, in an n/k-th write operation,
writes (k—1)-valued threshold voltages of the k-th threshold
voltage, the (k—1)-th threshold voltage, . . ., second threshold
voltage into the memory cell.

According to a fifth aspect of the present intention, there is
provided a semiconductor memory device comprising: a
memory which stores at least one data item; at least one data
storage circuit which is connected to the memory cell and
stores externally inputted data of a first logic level or a second
logic level; and a control circuit which controls the operation
of the data storage circuit, wherein the control circuit, when
the logic level of the data stored in the data storage circuit is
the first logic level, inverts the logic level to the second logic
level and, when the logic of the data is the second logic level,
inverts the logic level to the first logic level and further, when
the logic level of the data stored in the data storage circuit is
the first logic level, does writing on the memory cell to raise
the threshold voltage and, when the logic level of the data is
the second level, causes the threshold voltage of the memory
cell to remain unchanged.

According to a sixth aspect of the present intention, there is
provided a semiconductor memory device comprising: a
memory cell array configured to have a plurality of memory
cells arranged in a matrix, each of the plurality of memory
cells being connected to a word line and a bit line and being
capable of storing n values (n is a natural number equal to or
larger than 3); and a control circuit which controls the poten-
tials of the word line and bit line according to input data and
writes data into a memory cell, wherein the control circuit
writes data into the memory cell to an al-valued (al<=n)
threshold voltage in a first write operation, to an a2-valued
(a2<=n) threshold voltage in a second write operation, to an
ak-valued (ak<=n) threshold voltage in a k-th write operation
(k is a natural number equal to or larger than 2: k<=n) and
which, in the first to k-th write operations, raises a program
voltage in increments of AVpgm and carries out write opera-
tions by repeating a program and verify operation, AVpgm in
the first to k-th write operations fulfilling the following
expression: the first AVpgm>the second AVpgm> . . . >the
k-th AVpgm.

According to a seventh aspect of the present intention,
there is provided a semiconductor memory device compris-
ing: a memory cell which stores data using a first to an n-th
threshold voltage, each of the threshold voltages being
defined so as to increase in the order of the first threshold
voltage to the n-th threshold voltage (n is a natural number
equal to or larger than 2) and rising as a result of a write
operation; a control circuit which writes any one of'the first to
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n-th threshold voltages into the memory cell according to
input data, wherein the control circuit, in a first write opera-
tion, writes k1-valued threshold voltages of the n-th threshold
voltage, (n-1)-th threshold voltage, . . ., (n-k1+1)-th thresh-
old voltage into the memory cell and, in a second write opera-
tion, writes k2-valued threshold voltages of (n—k1)-th thresh-
old voltage, (n—-k1-1)-th threshold voltage, . . . , (n-k1-k2+
1)-th threshold voltage into the memory cell and, in an i-th
write operation, writes (ki-1)-valued threshold voltages of
the ki-th threshold voltage, (ki-1)-th threshold voltage, . . .,
second threshold voltage into the memory cell.

According to an eighth aspect of the present intention,
there is provided a semiconductor memory device compris-
ing: a memory cell array configured to have a plurality of
memory cells arranged in a matrix, each of the plurality of
memory cells being connected to a word line and a bit line and
being capable of storing n values (n is a natural number equal
to or larger than 3); a control circuit which controls the poten-
tials of the word line and bit line according to input data and
writes data into a memory cell and which, in a write operation,
carries out a verify operation using a threshold voltage lower
than a k-valued threshold voltage in verifying whether the
threshold voltage of the memory cell has reached the k-valued
threshold voltage and, if the threshold voltage of the memory
cell has exceeded the threshold voltage lower than the k-val-
ued threshold voltage, sets the data in the data storage circuit
to the same data to be written to an i-valued threshold voltage
(i<k) lower than the k-valued threshold voltage; and a data
storage circuit which is connected to the bit line and stores at
least one bit of data.

According to a ninth aspect of the present intention, there is
provided a semiconductor memory device comprising: a
memory cell which stores k bits of data (k is a natural number
equal to or larger than 2); a first storage circuit which stores
externally inputted data and the data read from the memory
cell; a second storage circuit which stores the data stored in
the first storage circuit; a third storage circuit which stores the
dataread from the memory cell; a fourth storage circuit which
stores the data stored in the third storage circuit; and a control
circuit which holds or change the data in the first to fourth
storage circuits according to the data stored in the memory
cell in a write operation and which writes 8-valued data
simultaneously in a third page write operation.

According to a tenth aspect of the present intention, there is
provided a semiconductor memory device comprising: a
memory cell array in which a plurality of memory cells are
arranged in a matrix, each of the plurality of memory cells
being connected to a word line and a bit line and being
capable of storing n values (n is a natural number equal to or
larger than 3); and a control circuit which controls the poten-
tials of the word line and bit line according to input data and
reads data from the memory cell and which reads the data
from the memory cell by precharging the bit line once and
then changing the potential of the word line an i number of
times.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIGS. 1A, 1B, 1C, and 1D show the relationship between
data in a memory cell and the threshold voltages of the
memory cell;

FIG. 2 shows a schematic configuration of a nonvolatile
semiconductor memory device;

FIG. 3 is a circuit diagram showing the configuration of the
memory cell array and bit-line control circuit of FIG. 2
according to a first embodiment of the present invention;
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FIGS. 4A and 4B are a sectional view of a memory cell and
that of a select transistor;

FIG. 5 is a sectional view of a NAND cell in the memory
cell array;

FIG. 6 is a circuit diagram of an example of the data storage
circuit shown in FIG. 3;

FIG. 7 shows the procedure for writing data into a NAND
cell;

FIG. 8 is a flowchart to explain a first page program opera-
tion;

FIG. 9 is a flowchart to explain a second page program
operation;

FIGS. 10A and 10B show the relationship between each
data cache and data in a memory cell;

FIGS. 11A, 11B, and 11C show the procedure for setting a
data cache;

FIGS. 12A, 12B, and 12C show the procedure for setting a
data cache;

FIGS. 13A and 13B show a data cache in a verify opera-
tion;

FIG. 14 shows a data cache in a verify operation;

FIG. 15 shows a data cache in a verify operation;

FIG. 16 shows a data cache in a verify operation;

FIG. 17 is a flowchart to explain a second page program
operation, showing a modification of the first embodiment;

FIGS. 18A and 18B are flowcharts to explain a read opera-
tion;

FIG. 19 is a circuit diagram of a modification of FIG. 3,
showing a second embodiment of the present invention;

FIGS. 20A, 20B and 20C show the relationship between
data in a memory cell and the threshold voltages of the
memory cell;

FIGS. 21A and 21B show the relationship between data in
a memory cell and the threshold voltages of the memory cell;

FIGS. 22 A and 22B show an example of the order in which
writing is done in the second embodiment;

FIG. 23 is a flowchart to explain a third page program in the
second embodiment;

FIG. 24 is a flowchart to explain the third page program
following FIG. 23;

FIGS. 25A and 25B show the state of a data cache in the
third page program;

FIG. 26 shows the state of the data cache in the third page
program;

FIGS. 27A and 27B are flowcharts to explain a first page
read operation and a second page read operation, respec-
tively;

FIG. 28 is a flowchart to explain a third page read opera-
tion;

FIG. 29 is a flowchart to explain a third page write opera-
tion according to a third embodiment of the present invention;

FIG. 30 is a flowchart to explain the third page write opera-
tion following FIG. 29;

FIGS. 31A and 31B are flowcharts to explain a first page
read operation and a second page read operation, respec-
tively;

FIG. 32 shows an example of arranging a plurality of flag
cells;

FIGS. 33 A to 33F show the relationship between data in a
memory cell and the threshold voltages of the memory cell
according to a fourth embodiment of the present invention;

FIG. 34 is a flowchart to explain a first page operation in the
fourth embodiment;

FIG. 35 is a flowchart to explain a second page operation in
the fourth embodiment;
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FIGS. 36A and 36B show the relationship between each
data cache and data in the memory cell in the fourth embodi-
ment;

FIGS. 37A and 37B show the relationship between each
data cache and data in the memory cell in the fourth embodi-
ment;

FIG. 38 shows the relationship between each data cache
and data in the memory cell in the fourth embodiment;

FIGS. 39A, 39B and 39C show the relationship between
each data cache and data in the memory cell according to a
fifth embodiment of the present invention;

FIG. 40 shows the relationship between each data cache
and data in the memory cell in the fifth embodiment;

FIGS. 41A and 41B show the relationship between each
data cache and data in the memory cell in the fifth embodi-
ment;

FIGS. 42A and 42B show the relationship between each
data cache and data in the memory cell in the fifth embodi-
ment;

FIGS. 43A, 43B and 43C show the relationship between
data in a memory cell and the threshold voltages of the
memory cell according to a sixth embodiment of the present
invention;

FIGS. 44A, and 44B show the relationship between data in
a memory cell and the threshold voltages of the memory cell
in the sixth embodiment;

FIG. 45 is a flowchart to explain a third page write opera-
tion in the sixth embodiment;

FIG. 46 is a flowchart to explain a third page write opera-
tion in the sixth embodiment;

FIGS. 47A and 47B show the relationship between each
data cache and data in the memory cell in the sixth embodi-
ment;

FIGS. 48A and 48B show the relationship between each
data cache and data in the memory cell in the sixth embodi-
ment;

FIGS. 49A and 49B show the relationship between each
data cache and data in the memory cell in the sixth embodi-
ment;

FIGS. 50A and 50B show the relationship between each
data cache and data in the memory cell in the sixth embodi-
ment;

FIGS. 51A and 51B show the relationship between each
data cache and data in the memory cell in the sixth embodi-
ment;

FIG. 52 shows the relationship between each data cache
and data in the memory cell in the sixth embodiment;

FIG. 53 is a circuit diagram showing the configuration of a
data storage circuit according to a seventh embodiment of the
present invention;

FIG. 54 is a flowchart to explain a third page write opera-
tion in the seventh embodiment;

FIG. 55 is a flowchart to explain a third page write opera-
tion in the seventh embodiment;

FIGS. 56 A and 56B show the relationship between each
data cache and data in the memory cell in the seventh embodi-
ment;

FIG. 57 is a plan view showing an example of a nonvolatile
semiconductor memory device applied to the first to seventh
embodiments;

FIG. 58 is a sectional view taken along line 58-58 of FIG.
57,

FIG. 59 is a sectional view taken along line 59-59 of FIG.
57,

FIG. 60 is a block diagram of a memory card to which a
semiconductor memory device of the present invention is
applied;



US 9,142,299 B2

7

FIG. 61 is a block diagram showing an internal configura-
tion of the memory card to which the semiconductor memory
device of the present invention is applied;

FIG. 62 is a perspective view of the memory card to which
the semiconductor memory device of the invention is applied
and a card holder;

FIG. 63 is a perspective view of a connection unit to which
the memory card and card holder are connected;

FIG. 64 is a perspective view showing a case where a
connection unit in which the card memory is inserted is con-
nected to a personal computer with a connection wire;

FIG. 65 is a plan view of an IC card to which a semicon-
ductor memory device of the present invention is applied;

FIG. 66 is a block diagram showing an internal configura-
tion of the IC card shown in FIG. 65; and

FIG. 67 is a block diagram of a USB memory device to
which a nonvolatile semiconductor memory device of each of
the embodiments is applied.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, referring to the accompanying drawings,
embodiments of the present invention will be explained.

First Embodiment

FIG. 2 schematically shows the configuration of a nonvola-
tile semiconductor memory device according to a first
embodiment of the present invention. For example, the con-
figuration of a NAND flash memory which stores 4-valued (2
bits of) data is shown in FIG. 2.

A memory cell array 1 includes a plurality of bit lines, a
plurality of word lines, and a common source line. In the
memory array 1, for example, memory cells are arranged in a
matrix. Each of the memory cells is composed of an
EEPROM cell and enables data to be rewritten electrically. A
bit line control circuit 2 for controlling the bit lines and a word
line control circuit 6 are connected to the memory cell array 1.

The bit line control circuit 2 includes a plurality of data
storage circuits and a flag data storage circuit as described
later. The bit line control circuit 2 reads the data in a memory
cell in the memory cell array 1 via a bit line, detects the state
of'a memory cell in the memory cell array 1 via a bit line, or
writes data into a memory cell in the memory cell array 1 by
applying a write control voltage to the memory cell via a bit
line. A column decoder 3 and a data input/output buffer 4 are
connected to the bitline control circuit 2. The column decoder
3 selects one of the data storage circuits in the bit line control
circuit 2. The data in a memory cell read into a data storage
circuit is outputted via the data input/output buffer 4 from a
data input/output terminal 5 to the outside world.

Writing data externally inputted to the data input/output
terminal 5 is inputted via the data input/output buffer 4 to the
data storage circuit selected by the column decoder 3.

The word line control circuit 6 is connected to the memory
cell array 1. The word line control circuit 6 selects a word line
in the memory cell array 1 and applies a voltage necessary for
reading, writing, or erasing to the selected word line.

The memory cell array 1, bit line control circuit 2, column
decoder 3, data input/output buffer 4, and word line control
circuit 6, which are connected to a control signal and control
voltage generating circuit 7, are controlled by the control
signal and control voltage generating circuit 7. The control
signal and control voltage generating circuit 7, which is con-
nected to a control signal input terminal 8, is controlled by a
control signal externally inputted via the control signal input
terminal 8.
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The bit line control circuit 2, column decoder 3, word line
control circuit 6, and control signal and control voltage gen-
erating circuit 7 constitute a write circuit and a read circuit.

FIG. 3 shows the configuration of the memory cell array 1
and bit line control circuit 2 of FIG. 2. In the memory cell
array 1, a plurality of NAND cells are provided. ANAND cell
is composed of memory cells MCs (made up of, e.g., 16
EEPROMSs) connected in series and a first and a second select
gate S1, S2. The first select gate S1 is connected to bit line
BL0 and the second select gate S2 is connected to source line
SRC. The control gates of the memory cells arranged in each
row are connected equally to word lines WL1, WL2,
WL3, . .., WL16. The first select gates S1 are connected
equally to select line SG1 and the second select gates S2 are
connected to select line SG2.

The bit line control circuit 2 has a plurality of data storage
circuits 10 and a first and a second flag data storage circuit
10a,105. Pairs of bit lines (BLO, BL1), (BL2,BL3), ..., (BLi,
BLi+1), (BLf1, BL{2), (BL{3, BL{4) are connected to the data
storage circuits 10 and the first and second flag data storage
circuits 10a, 105 in a one-to-one correspondence.

The memory cell array 1 includes a plurality of blocks as
shown by the broken lines. Each block is composed of a
plurality of NAND cells. The data is erased in blocks. An
erase operation is performed simultaneously on the two bit
lines connected data storage circuit 10 and the first and second
flag data storage circuits 10a and 105.

A plurality of memory cells (the memory cells enclosed by
the broken line) provided every other bit line and connected to
a single word line constitute a sector. Data is written or read in
sectors. In a sector, for example, two pages of data are stored.
A plurality of first flag cells FC1 for storing flags and a
plurality of second flag cells FC2 are connected to each word
line. That is, in the first embodiment, a sector includes a first
flag cell FC1 and a second flag cell FC2.

Each of the first and second flag cells FC1, FC2 is not
limited to one for each sector. For instance, a plurality of flag
cells may be connected to one sector as shown by the broken
lines. In this case, the data stored in the flag cells may be
decided by the majority of the data stored in the plurality of
flag cells as described later.

In a read operation, a program verify operation, and a
program operation, one bit line is selected from the two bit
lines (BL1, BLi+1) connected to the data storage circuit 10
according to an externally specified address signal (YAl,
YA2, ..., YAl YAFlag). In addition, according to an external
address, one word line is selected, thereby selecting one sec-
tor (for two pages). The switching between the two pages is
effected according to the address.

FIGS. 4A and 4B are sectional views of a memory cell and
a select transistor, respectively. FIG. 4A shows a memory
cell. In a substrate 41, n-type diffusion layers 42 acting as the
source and drain of a memory cell are formed. Above the
substrate 41, a floating gate (FG) 44 is formed via a gate
insulating film 43. Above the floating gate 44, a control gate
(CG) 46 is formed via an insulating film 45. FIG. 4B shows a
select gate. In the substrate 41, n-type diffusion layers 47
acting as a source and a drain are formed. Above the substrate
41, a control gate 49 is formed via a gate insulating film 48.

FIG. 5 is a sectional view of a NAND cell in the memory
cell array. In this example, in the NAND cell, 16 memory cells
MCs configured as shown in FIG. 4A are connected in series.
The drain side and source side of the NAND cell are provided
with a first select gate S1 and a second select gate S2 config-
ured as shown in FIG. 4B, respectively.
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FIG. 6 is a circuit diagram of the data storage circuit 10
shown in FIG. 3. Each of the first and second flag data storage
circuits 10a, 105 has the same configuration as that of the data
storage circuit 10.

The data storage circuit 10 has a primary data cache (PDC),
a secondary data cache (SDC), a dynamic data cache (DDC),
a temporary data cache (TDC). The SDC, PDC, and DDC
hold the input data in a write operation, hold the read data in
a read operation, hold the data temporarily in a verify opera-
tion, and are used to manipulate the internal data in storing
multivalued data. The TDC not only amplifies the data on the
bit line in reading the data and holds the data temporarily, but
also is used to manipulate the internal data in storing multi-
valued data.

The SDC is composed of clocked inverter circuits 61a, 615
and transistors 61c¢, 61d, which constitute a latch circuit. The
transistor 61c is connected between the input terminal of the
clocked inverter circuit 61a and the input terminal of the
clocked inverter circuit 615. A signal EQ2 is supplied to the
gate of the transistor 61c. The transistor 61d is connected
between the input terminal of the clocked inverter circuit 615
and the ground. A signal PRST is supplied to the gate of the
transistor 61d4. The node N2a of the SDC is connected via a
column select transistor 61e to an input/output data line 10.
The node N25 of the SDC is connected via a column select
transistor 617 to an input/output data line I0On. A column
select signal CSLi is supplied to the gates of the transistors
61e, 617. The node N2a of the SDC is connected via transis-
tors 61g, 61/ to the node N1a of the PDC. A signal BLC2 is
supplied to the gate of the transistor 61g. A signal BLC1 is
supplied to the gate of the transistor 614.

The PDC is composed of clocked inverter circuits 61i, 615
and a transistor 61%. The transistor 61% is connected between
the input terminal of the clocked inverter circuit 61/ and the
input terminal of the clocked inverter circuit 61;. A signal
EQ1 is supplied to the gate of the transistor 61%. The node
N15 of the PDC is connected to the gate of a transistor 61/.
One end of the current path of the transistor 61/ is connected
via a transistor 61m to the ground. A signal CHK1 is supplied
to the gate of the transistor 61m. The other end of the current
path of the transistor 61/ is connected to one end of the current
path of transistors 617, 610 which constitute a transfer gate. A
signal CHK2# is supplied to the gate of the transistor 617. The
gate of the transistor 610 is connected to the junction node of
the transistors 61g and 61/. A signal COMi is supplied to the
other end of the current path of the transistors 617, 610. The
signal COMi is a signal which is common to all of the data
storage circuits 10 and which indicates whether all of the data
storage circuits 10 have been verified. Specifically, when all
of'the data storage circuits have been verified, the node N16 of
the PDC goes low. In this state, when the signals CHK1 and
CHK2 are made high, if all of the data storage circuits have
been verified, the signal COMi goes high.

Furthermore, the TDC is composed of, for example, a
MOS capacitor 61p. The capacitor 61p is connected between
the junction node N3 of the transistors 61g, 61/ and the
ground. The DDC is connected via a transistor 61¢ to the
junction node N3. A signal REG is supplied to the gate of the
transistor 614.

The DDC is composed of transistors 617, 61s. A signal
VREG is supplied to one end of the current path of the
transistor 617. The other end of the transistor 61 is connected
to the current path of the transistor 61¢g. The gate of the
transistor 61~ is connected via the transistor 61s to the node
N1la of the PDC. A signal DTG is supplied to the gate of the
transistor 61s.
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Furthermore, one end of the current path of transistors 61z,
61w is connected to the junction node N3. A signal VPRE is
supplied to the other end of the current path of the transistor
61u. A signal BLPRE is supplied to the gate of the transistor
61u. A signal BLCLAMP is supplied to the gate of the tran-
sistor 617. The other end of the current path of the transistor
61¢ is connected via a transistor 61vto one end of bit line BLo
and via a transistor 61w to one end of bit line BLe. The other
end of bit line BLo is connected to one end of the current path
of a transistor 61x. A signal BIASo is supplied to the gate of
the transistor 61x. The other end of bit line BLe is connected
to one end of the current path of a transistor 61y. A signal
BlASe is supplied to the gate of the transistor 61y. A signal
BLCRL is supplied to the other ends of the current paths of
the transistors 61x, 61y. The transistors 61x, 61y are turned on
according to signals BIASo, Bl1ASe so as to complement the
transistors 61v, 61w, thereby supplying the potential of a
signal BLCRL to the unselected bit lines.

Furthermore, a data input terminal is connected via a plu-
rality of inverter circuits 62a, 625, 62¢to the input/output data
line 1O and further via an inverter circuit 624 to the input/
output data line 10n.

Each of the above signals and voltages is generated by the
control signal and control voltage generating circuit 7 of FIG.
2. Under the control of the control signal and control voltage
generating circuit 7, the operation below will be carried out.

The memory, which is a multivalued memory, enables, for
example, two bits of data to be stored in one cell. The switch-
ing between the two bits is effected according to the address
(a first page, second page).

(Description of Operation)

The operation of the above configuration will be explained.

FIG. 1 shows the relationship between data in a memory
cell and the threshold voltages of the memory cell. When an
erase operation is carried out, the data in the memory cell
becomes “0”. As shown in FIG. 1A, when a first page is
written into, the data in the memory cell becomes data “0” and
data“2”. As shown in FIG. 1B, before a second page is written
into, data lower than the threshold voltage of the actual data is
written into an adjoining cell. Then, because of the data
written into the cell, the distribution of the threshold voltage
of'data “2” becomes larger. Thereafter, when the second page
is written into, the data in the memory cell becomes data “0”
to “3” having the original threshold voltage. In the first
embodiment, the data in the memory cell is defined, starting
from the lowest threshold voltage upward.

The data in a read or a write operation is set as shown in
FIGS. 1A to 1D, which enables the data to be written into one
page of the cell array in a plurality of batches. If the power
supply is turned off suddenly in the middle of writing the data
into the upper page (or the page written into later), the data in
the lower page (or the page previously written into) is
destroyed. However, if the upper page is written into on the
basis of the unwritten data before the upper page is written
into, the data already written up to the threshold voltage v' is
written up to the threshold voltage b'. In addition, the flag cell
is also written into. Thereafter, the upper page is written into,
thereby preventing the data in the lower page from being
destroyed even if the power supply is turned off abruptly.

The first embodiment is characterized in that, in the second
page write operation shown in FIG. 1C, the threshold voltage
“b"” and the threshold voltage “c™ are verified simultaneously
by precharging the bit line temporarily and then changing the
word line potential a plurality of times.

FIG. 7 shows the order in which a NAND cell is written
into. In a block, data is written in pages, starting from a



US 9,142,299 B2

11

memory cell closer to the source line. In FIG. 7, for the sake
of explanation, the number of word lines is set at 4.

In first writing, one bit of data is written into the first page
of'a memory cell 1.

In second writing, one bit of data is written into the first
page of a memory cell 2 adjoining the memory cell 1 in the
word direction.

In third writing, one bit of data is written into the first page
of a memory cell 3 adjoining the memory cell 1 in the bit
direction.

In fourth writing, one bit of data is written into the first page
of'a memory cell 4 adjoining the memory cell 1 diagonally.

In fifth writing, one bit of data is written into the second
page of the memory cell 1.

In sixth writing, one bit of data is written into the second
page of the memory cell 2 adjoining the memory cell 1 in the
word direction.

In seventh writing, one bit of data is written into the first
page of a memory cell 5 adjoining the memory cell 3 in the bit
direction.

In eighth writing, one bit of data is written into the first page
of'a memory cell 6 adjoining the memory cell 3 diagonally.

In ninth writing, one bit of data is written into the second
page of the memory cell 3.

In tenth writing, one bit of data is written into the second
page of the memory cell 4 adjoining the memory cell 3 in the
word direction.

In eleventh writing, one bit of data is written into the first
page of a memory cell 7 adjoining the memory cell 5 in the bit
direction.

In twelfth writing, one bit of data is written into the first
page of a memory cell 8 adjoining the memory cell 5 diago-
nally.

In thirteenth writing, one bit of data is written into the
second page of the memory cell 5.

In fourteenth writing, one bit of data is written into the
second page of the memory cell 6 adjoining the memory cell
5 in the word direction.

In fifteenth writing, one bit of data is written into the
second page of the memory cell 7.

In sixteenth writing, one bit of data is written into the
second page of the memory cell 8 adjoining the memory cell
7 in the word direction.

(Program and Program Verity)

FIG. 8 is a flowchart for a first page program. In a program
operation, first, an address is specified, thereby selecting two
pages (one sector) shown in FIG. 3. In the memory, of the two
pages, programming can be done only in this order: the first
page and then the second page. Therefore, first, the first page
is selected according to an address.

While the address is being inputted, the transistor 614 of
FIG. 6 is turned on, thereby setting the nodes N2q of all the
SDCs to Vss (S11).

Next, writing data is externally inputted via the data input/
output lines 10, IOn and is then stored in the SDCs (shown in
FIG. 6) in all of the data storage circuits 10 (S12). At this time,
when data is written, data “0” is externally inputted to the data
input terminal 5a. The data is supplied via the inverter circuits
62a, 625, 62¢, 62d and transistors 61e, 61fto the SDC. Thus,
node N2a of the SDC goes to Vdd. When writing is unse-
lected, data ““1” is inputted to the data input terminal 5a. Thus,
node N2a of the SDC goes to Vss. Thereafter, when a write
command is inputted, the data in the SDCs of all of the data
storage circuits 10 is transferred to the PDC (S13). Specifi-
cally, the signals BLLC1, BLC2 are set to a specific voltage, for
example, Vdd+Vth (Vdd: power supply voltage (e.g., 3V or
1.8V, this voltage is illustrative and not restrictive), Vth: the
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threshold voltage of an n-channel MOS transistor), thereby
turning on the transistors 61/, 61g. Then, the data at node N2a
is transferred via the transistors 61g, 61/ to the PDC. There-
fore, when data “1” is externally inputted (no writing is done),
node N1a of the PDC goes low. When data “0” is externally
inputted (writing is done), node N1a of the PDC goes high.
Thereafter, the data in the PDC is at the potential at node N1a
and the data in the SDC is at the potential at node N2a.

(Data Invert Operation) (S14)

Thereafter, set VPRE=Vdd and set signal to Vdd+Vth.
Then, precharge N3 to Vdd temporarily and set DTG=Vdd+
Vth. In this state, the data in the PDC is transferred to the
DDC. Next, set REG=Vdd and VREG=Vss. If the DDC is at
the high level, node N3 is at the low level. Ifthe DDC is at the
low level, node N3 is at the high level. Thereafter, the signals
SEN1, LAT1 are made off temporarily, the signal EQ1 is set
at Vdd, and node Nla and node N154 are set at the same
potential. Then, the signal BLC1 is set to BLC1=Vdd+Vth
and the data in the TDC (the potential at node N3) is trans-
ferred to the PDC. As a result, if data “1” has been latched in
the PDC, the data in the PDC becomes “0”. If data “0” has
been latched in the PDC, the data in the PDC becomes “1”.

When a write command is inputted, a booster circuit for
voltages Vpgm and Vpass for programming operates. The
potentials of the voltages Vpgm and Vpass do not rise imme-
diately. The data invert operation is carried out during the
waiting time needed for the potential to rise. Consequently,
the write speed does not get slower.

As described above, inverting the inputted data is effective
in a page copy. In a page copy, the data on one page written in
the memory cell is read into the page buffer and then written
into one other page without outputting the data to the outside.
Specifically, when a page copy is made, reading is done first.
As a result, if writing has been done (if data “0” has been
inputted to the data input terminal 5a), the SDC latches data
“17. If writing has not been done (if data 1"’ has been inputted
to the data input terminal 5a), the SDC latches data “0”. As
described earlier, the SDC latches the inverted inputted data.
As a result, the data read for a page copy coincides with the
data latched in the SDC in a write operation. As described
above, making the read-out data coincide with the data to be
next written makes it easy to externally input and rewrite only
apart of the read-out data. Therefore, even when a page copy
is not made, the externally inputted data is always inverted in
the page buffer.

The data invert operation is carried out by inputting an
ordinary program command. Thereafter, the data in the PDC
is copied into the DDC.

In the first page program, no data is written into the flag
cell. Thus, the PDCs of the first and second flag data storage
circuits 10a, 105 have latched data “1”.

Furthermore, the value of a programmable counter (PC) is
initialized to “0”. The counter is provided in, for example, the
control signal and control voltage generating circuit 7 of FIG.
2. However, the installation location of the counter is not
limited to the control signal and control voltage generating
circuit 7.

(Program Operation) (S15)

First, set the potentials of the signals BLC1, BLCLAMP,
and BLSo, or BLSe of FIG. 6 at Vdd+Vth. As a result, the
transistors 61/, 61¢, and 61v or 61w are turned on, supplying
the data stored in the PDC to the bit line. If data “1” is stored
in the PDC (if no writing is done), the bit line goes to Vdd. If
data “0” is stored in the PDC (if writing is done), the bit line
goes to Vss (the ground potential). The cells which are con-
nected to the selected word line and which are on the unse-
lected page (when the bit line is unselected) must not be
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written into. Therefore, Vdd is supplied to the bit lines con-
nected to these cells as in the case of data “1”. Here, Vdd is
applied to the select line SG1 of the selected block, the poten-
tial VPGM (20 V) is applied to the selected word line, and the
potential Vpass (10V) is applied to the unselected word lines.
Then, ifthe bit line is at Vss, the channel of the cell goesto Vss
and the word line goes to VPGM, with the result that writing
is done. If the bit line is at Vdd, the channel of the cell is not
at Vss and goes to VPGM/2 by coupling when VPGM is
raised. Thus, this cell is not programmed.

In a multivalued memory, to narrow the threshold value
distribution, the original verify potential “v"” and a verify
potential “v*"” lower than the original one are set as shown in
FIG. 1. An intermediate potential (e.g., 1 V)is supplied to a bit
line corresponding to a cell which has exceeded the verify
potential “v*”, thereby making the write speed slower.
Therefore, when the signal VREG is set at Vdd and the signal
REG is set at an intermediate potential (e.g., 1 V+Vth), if the
bit line is at Vss and the DDC is at the high level, the bit line
goes to the intermediate potential. If the DDC is at the low
level, the bit line remains at Vss. If the bit line is at Vdd, it
remains at Vdd.

In the first page write operation, if the input data is “0”, the
data in the memory cell is made “2” as shown in FIG. 1. If the
input data is “1”, the data in the memory cell remains at “0”.

As a result of the program operation, the counter (PC) is
counted up (PC=PC+1).

(First Page Verify) (S16)

At the first page, data is written to the original verify
potential “v” as shown in FIG. 1A. Thus, in a first step of the
verify operation, a potential “v*"” lower than the original
verify potential “V” is supplied to the word line. In a second
step, the potential of the word line is raised to “V” and
verification is performed. Hereinafter, “*” represents a poten-
tial lower than the original one.

First, a read potential Vread is supplied to the unselected
word lines and select line SG1 in the selected block. In the
data storage circuit 10 of FIG. 6, for example, Vdd+Vth is
supplied to the signal BLPRE and a specific voltage, for
example, 1 V+Vth, is supplied to the signal BLCLLAMP. The
signal VPRE is set at Vdd and the bit line is precharged to 1 V.

Next, the select line SG2 on the source side of the cell is
made high. The cells whose threshold voltage is higher than
the potential “v*" are turned off. As a result, the bit line
remains atthe high level. The cells whose threshold voltage is
lower than the potential “v*" are turned on. As aresult, the bit
line goes to Vss.

Next, a specific voltage, for example, Vdd+Vth, is supplied
to the signal BLPRE and VPRE is setat Vdd. This causes node
N3 of the TDC to be precharged to Vdd. Then, the signal
BLCLAMP is set at a specific voltage, for example, 0.9
V+Vth, thereby turning on the transistor 61¢. Node N3 of the
TDC goes low when the bit line is at the low level, whereas
node N3 goes high when the bit line is at the high level.

Here, when writing is done, the low level has been stored in
the DDC of FIG. 6. When no writing is done, the high level
has been stored in the DDC. Thus, when the signal VREG is
set at Vdd and the signal REG is made high, only if no writing
is done, node N3 of the TDC is forced to go high. After this
operation, the data in the PDC is transferred to the DDC and
the potential in the TDC is transferred to the PDC. It is only
when the cell is not written into or when data “2” has been
written in the cell and the threshold voltage of the cell has
reached the verify potential “v*" that a high level signal is
latched in the PDC. In addition, it is only when the threshold
voltage of the cell has not reached “v*" that a low level signal
is latched in the PDC.

10

15

20

25

30

35

40

45

50

55

60

65

14

Next, when the potential of the word line is raised from
“v¥ 10 “v", the cells whose threshold voltage is lower than
the threshold voltage “v" are turned on and the bit lines go to
Vss.

Next, a specific voltage, for example, Vdd+Vth, is supplied
to the signal BLPRE and VPRE is setat Vdd. This causes node
N3 of the TDC to be precharged to Vdd. Then, the signal
BLCLAMP is set at a specific voltage, for example, 0.9
V+Vth, thereby turning on the transistor 61¢. Node N3 of the
TDC goes low when the bit line is at the low level, whereas
node N3 goes high when the bit line is at the high level.

Here, when writing is done, the low level has been stored in
the DDC of FIG. 6. When no writing is done, the high level
has been stored in the DDC. Thus, when the signal VREG is
set at Vdd and the signal REG is made high, only if no writing
is done, node N3 of the TDC is forced to go high. After this
operation, the data in the PDC is transferred to the DDC and
the potential in the TDC is transferred to the PDC. It is only
when the cell is not written into or when data “2” has been
written in the cell and the threshold voltage of the cell has
reached the verify potential “v”” that a high level signal is
latched in the PDC. In addition, it is only when the threshold
voltage of the cell has not reached “v"’ that a low level signal
is latched in the PDC.

As a result, it is when the threshold voltage of the cell has
exceeded “v*” or when writing is unselected that the DDC
goes high. It is when writing has been done and the threshold
voltage of the cell is equal to or lower than “v*” that the DDC
goes low. It is when the threshold voltage of the cell has
exceeded “v"” or when writing is unselected that the PDC
goes high. It is when writing has been done and the threshold
voltage of the cell is equal to or lower than “v"’ that the PDC
goes low.

When the PDC is at the low level, the write operation is
carried out again. The program and verify operation is
repeated until the data in all of the data storage circuits 10 has
become high (S15to S18). Atthis time, when the PDC is at the
low level and the DDC is at the high level, that is, when the
threshold voltage of the cell is equal to or higher than “v*" or
equal to “v"”, the intermediate potential is supplied to the bit
line, thereby suppressing the write speed.

(Adjoining Cell Program)

As shown in FIG. 7, after one bit of data is written into the
first page of the memory cell 1, the writing of data into the first
page of the memory cell 2 adjoining the memory cell 1 in the
word direction, the writing of data into the first page of the
memory cell 3 adjoining the memory cell 1 in the bit direc-
tion, and the writing of data into the first page of the memory
cell 4 adjoining the memory cell 1 diagonally are effected in
that order. When these write operations have been carried out,
the threshold voltage of the memory cell 1 rises due to the
capacitance between the floating gates of the adjoining cells
(the FG-FG capacitance), depending on writing data. Accord-
ingly, the threshold voltage distribution of data “0” and data
“2” in the memory cell 1 expand toward a higher potential as
shown in FIG. 1B.

Thereafter, in the fifth writing, one bit of data is written into
the second page of the memory cell 1.

(Second Page Program)

In the first embodiment, a second page program operation
and a verify operation are made faster. Specifically, data “2”
and data “3” in the memory cell are verified simultaneously,
thereby enabling a higher-speed operation. Hereinafter, the
operation will be explained.

FIG. 9 is a flowchart for a second page program (write)
operation. In the second page program operation, too, two
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pages shown in FIG. 3 are selected according to an address. At
the same time, the page bufter is reset (S21).

Next, writing data is externally inputted and then is stored
inthe SDCs in all of the data storage circuits (S22). If data“1”
is externally inputted (if no writing is done), node N2a of the
SDC of the data storage circuit 10 goes low. If data “0” is
externally inputted (if writing is done), node N2a goes high.

(First Flag Cell Data Load) (S23)

In the second page program, when a write command is
inputted, the SDC in the first flag cell data storage circuit 10a
goes high to write data into the first flag cell FC1. As
described earlier, a plurality of flag cells may be provided to
increase the reliability. In the second page, the SDC corre-
sponding to the first flag cell FC1 goes high. In the first flag
cell FC1, data “0” is replaced with data “1”.

The SDC corresponding to the second flag cell FC2 is made
low. As a result, writing is done to data “0” in the second flag
cell FC2. In a subsequent operation, writing is done to data
“27.

In the second page program, as shown in FIG. 1C, when the
data in the memory cell is “0” and when externally inputted
data is “1”, the data in the memory cell is caused to remain at
“0”. When externally inputted data is “0”, the data in the
memory cell is made “1”.

When the data in the memory cell is “2” and when exter-
nally inputted data is “1”, the data in the memory cell is
caused to remain at “2”. However, in the first page write
operation, the threshold voltage of the memory cell has risen
only to “v"™, lower than the threshold voltage of the original
data “2”. Therefore, these cells are written into until the
original threshold voltage “b"™ of data “2”” has been reached.

In addition, when the data in the memory cell is “2” and
when externally inputted data “0”, the data in the memory cell
is made “3”.

(Internal Data Read) (S24)

First, before a cell is written into, an internal read operation
is carried out to determine whether the data in the cell on the
first page is “0” or “2”. An internal read operation is the same
as a read operation. In determining whether the data in an
ordinary cellis “0” or “2”, aread potential “b” is applied to the
selected word line. However, in the first page program opera-
tion, since the verify potential is “v*"” lower than the normal
verify potential “v", it might be lower than the potential “b”.
Therefore, in the internal data load operation, a read operation
is carried out by supplying a potential “a” to the word line.

Specifically, a potential Vread is applied to the unselected
word lines and select line SG1 in the selected block. In addi-
tion to this, the signal VPRE of the data storage circuit 10 is
set at Vdd, the signals BLPRE and BLCLAMP are set at a
specific voltage, such as 1 V+Vth, and the bit line is pre-
charged to Vdd. Then, the select line SG2 on the source side
of the cell is made high. Since the cells whose threshold
voltage is higher than the potential “a” are turned off, the bit
line remains high. Since the cells whose threshold voltage is
lower than the potential “a” are turned on, the bit line is
discharged and goes to the ground potential Vss.

Next, the signal VPRE of'the data storage circuit 10 is set at
Vdd, the signal BLPRE is set at Vdd+Vth, and node N3 of the
TDC is precharged to Vdd. Thereafter, the signal BLCLAMP
is set at 0.9 V+Vth. Node N3 of the TDC goes low when the
bit line is at the low level and goes high when the bit line is at
the high level. Thereafter, the potential of the TDC is trans-
ferred to the PDC. As a result, when the data in the memory
cellis “2”, ahigh-level signal is latched in the PDC. When the
data in the memory cell is “0”, a low-level signal is latched in
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the PDC. FIG. 10A shows the relationship between the SDC,
PDC and the data in the memory cell after data load and
internal read operations.

(Data Cache Setting) (S25)

Thereafter, the data stored in each data cache is manipu-
lated according to the data cache setting procedure shown in
FIGS. 11 and 12. Specifically, in a state where data is exter-
nally inputted and the data read by an internal read operation
is latched in each data cache as shown in FIG. 11A, the data
in the SDC is transferred to the PDC and the data in the PDC
is transferred to the DDC as shown in FIG. 11B. Next, as
shown in FIG. 11C, the data in the DDC is inverted and the
inverted data is transferred to the SDC. Thereafter, the data in
the PDC is transferred to the DDC. Next, as shown in FIG.
12A, the data in the DDC is inverted and the inverted data is
transferred to the PDC. Thereafter, the data in the PDC is
transferred to the DDC. Next, as shown in FIG. 12B, data for
the second flag cell FC2 is loaded into the second flag cell data
storage circuit 106 and is latched in the SDC. Then, as shown
in FIG. 12C, the data in SDC is combined with the data in the
DDC. The combined data is inverted and the inverted data is
transferred to the PDC. The data in the PDC is transferred to
the DDC.

As aresult of such an operation, the data stored in each data
cache takes the values as shown in FIG. 10B and FIG. 12C.

Specifically, when the data in the memory cell is made “0”
(data “1” on the first page and data “1” on the second page),
all of the PDC, DDC, and SDC are set to the high level.

When the data in the memory cell is made “1” (data “1” on
the first page and data “0” on the second page), the PDC is set
to the low level, the DDC is set to the low level, and the SDC
is set to the high level.

When the data in the memory cell is made “2” (data “0” on
the first page and data “1”” on the second page), the PDC is set
to the low level, the DDC is set to the high level, and the SDC
is set to the low level.

When the data in the memory cell is made “3” (data “0” on
the first page and data “0” on the second page), all of the PDC,
DDC, and SDC are set to the low level.

(Second Flag Cell Data Load) (S25)

As described above, in the course of setting the data cache,
the SDC in the second flag cell data storage circuit 105 is set
to the low level. As a result, the data in the second flag cell
FC2 changes from “0” to “2”. A second page write operation
is to do writing from data “0” to “1” in the memory cell and
from data “2” to “3” in the memory cell as shown in FIG. 1C.
As for the second flag cell, the memory cell is programmed
from data “0” to data “2” in the second page write operation.
Therefore, as shown in FIG. 1D, the distribution of the thresh-
old voltage of data “2” in the second flag cell might expand as
shown in FIG. 1D. However, since the read operation of the
second flag cell FC2 is carried out by always supplying the
level of “b” lower than “b™ to the word line, there is no
problem.

In addition, for example, in the course of setting each data
cache, the counter (PC) is initialized to “0” (S25).

Thereafter, it is determined whether data has bee written
into the first flag cell FC1 (S26). The data in the first flag cell
FC1 has been read out in the internal read operation (S24). If
no data has been written into the first flag cell FC1, control
proceeds to the program operation (S27). If data has been
written in the first flag cell FC1, the internal read operation is
carried out again using the level of “b” (S26 to S23).

(Program) (S27)

When no data has been written in the first flag cell FC1,
data is written into the memory cell. For example, after the
counter (PC) is counted up, when the signal BLC1 is set at
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Vsg, if the PDC has data “0”, the bit line is at Vss. I[f the PDC
has data ““1”, the bit line is at Vdd. Next, the signal BLC1 is set
to Vss and then the signal VREG is set to Vdd, and the signal
REG is set to the intermediate potential+Vth (1 V+Vth).
Then, if the DDC has data <17, the bit line is at Vdd. If the
DDC has data “0”, the bit line is not precharged. As a result,
only when data “17, “3”” have been written in the memory cell,
the bit line is at Vss. When data “2” has been written in the
memory cell, the bit line is at the intermediate potential (1 V).
Ifthe data in the memory cell is “0” (if no writing is done), the
bit line is at Vdd. Here, the selected word line is set at Vpgm
and the unselected word line is set at Vpass. If the bit line is at
Vdd, no writing is done. If the bit line is at Vss, writing is
done. If the bit line is at the intermediate potential (1 V),
writing is done a little. Accordingly, a memory cell in which
data “2” has been written might be written into insufficiently.
The reason for this is that, since data “2” and data “3” are
verified simultaneously, the write time ends earlier when they
are written as simultaneously as possible. Therefore, the
intermediate potential is supplied to the bit line.

Thereafter, when data “1” has been written in the memory
cell (S28) and the value ofthe counter (PC) is smaller than the
maximum number of verify operations using the predeter-
mined verify voltage “a™ (S29), a write verify operation is
carried out by setting the verify voltages “a*” and “a™ in
sequence (S30).

In the explained below, a verify operation is carried out by
setting the verify voltages “a*", “a"’, “b™, “b™, and “c"” in
that order. At this time, to perform a program operation and a
verify operation skipping unnecessary verify operations, the
value of the counter (PC) is compared with a predetermined
value (S29, S31, S32, S34, S37). For example, if the number
of verify operations using the verify voltages “a*"” and “a"
has reached the maximum number of loops, verify operations
using “a*” and “a" are skipped. In addition, for example, if
the number of verify starts using the verify voltage “b"™ has
not been reached, a verify operation using “b" is skipped and
the program is executed. Each value needed to control the
skips is set as follows: for example,

The maximum number of loops=10 using verify voltage
g

The number of veritfy starts=4 using verify voltage “b™

The number of verify starts=8 using verify voltage “c'”

The maximum number of program loops=20

(Verify “a*", “a™) (S30)

In the verify operation, when the signal VPRE is set to the
high level and the signal BLCLAMP is set to a specific
potential, the bit line is precharged.

FIG. 13A shows the data set in each data cache after a
verify operation using the verify voltage “a*".

Next, the potential of the word line is set to the verify
potential “a*"” and the bit line is discharged. The signal VPRE
is set to Vdd and the signal BLPRE is set to Vsg and the TDC
is charged to Vdd. Then, a specific voltage is supplied to the
signal BLCLLAMP. Ifthe bit line is at Vss, the TDC goes to Vss
(low level). If the precharge potential remains on the bit line,
the TDC goes to Vdd (high level). Here, the signal BLC2 is set
at Vth+0.5 V. If the SDC has “0” (if data “2”, “3”” have been
written in the memory cell), the TDC goes to Vss. Thus, it is
when data “1” has been written in the memory cell and the
verify potential “a*" has been reached that the TDC goes to
Vdd. If data “1” has not been written in the memory cell, the
bit line has not been precharged, with the result that the TDC
is at the low level. If data “1” has been written in the memory
cell and the verify potential “a*” has not been reached, the
TDC is at Vss.
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Here, when the signal VREG is made high and the signal
REG is made high, if the data in the DDC is “17, the TDC is
forced to go high. Therefore, it is when data “1” has been
written in the memory cell and the verify potential “a*" has
been reached or when the data in the DDC is “1”, that is, data
“2” has been written in the memory cell that the TDC goes to
Vdd. Then, the signal DTG is set to Vsg and the data in the
PDC is copied into the DDC. Thereafter, the signal BLC1 is
set to Vsg and the potential of the TDC is loaded into the PDC.

In FIG. 13B, it is when data “1” has been written in the
memory cell and the verify potential “a*" has been exceeded
or when data “2” has been written in the memory cell that the
PDC has data “1”.

Next, the potential of the word line is raised a little to
produce a verify potential “a” and the bit line is discharged.
After the signal VPRE is set to Vdd, the signal BLPRE is set
to Vsg, and the TDC is charged to Vdd again, a specific
voltage (H) is supplied to the signal BLCLLAMP. If the bit line
is atVss, the TDC is at Vss. If the precharge potential is left on
the bit line, the TDC is at Vdd. Here, when the signal BLC2 is
set to Vth+0.5V, if the SDC has “0” (when data “2”, “3”” have
been written in the memory cell), the TDC is at Vss. Thus, it
is when data “1” has been written in the memory cell and the
verify potential “a”™ has been reached that the TDC goes to
Vdd. The TDC goes to Vss when data “1” has not been written
in the memory cell or when data “1” has been written in the
memory cell and the verify potential “a™ has not been
reached.

Here, when the signal VREG is made high and the signal
REG is made high, if the data in the DDC is “1”, that is, if no
data has been written in the memory cell, the TDC is forced to
go high. It is when writing is unselected or when data “1” has
been written in the memory cell and the verify potential “a"™
has been reached that the TDC goes to Vdd.

Then, after the signal DTG is set to Vsg and the data in the
PDC s copied into the DDC, the signal BLC1 is setto Vsgand
the potential of the TDC is loaded into the PDC (see FIG. 14).

In a cell where data “1” has been written in the memory
cell, when the threshold voltage becomes higher than the
verify potential “a*", the data in the DDC becomes “1” (high
level). In a cell where data “1”” has been written in the memory
cell, when all of the write operations using the verify potential
“a” have been completed, the data in the PDC becomes “1”
(high level).

Thereafter, when the value of the counter (PC) is larger
than the number of verify starts using a predetermined verify
voltage “b™ (S31) and smaller than the number of verify starts
using a predetermined verify voltage “c™ (S32), the verify
potential “b” is set and a write verify operation is carried out
(S33).

(Verify “b™) (S33)

A verify operation using the verify potential “b” (see FIG.
15). Since the writing of data “2” into the memory cell is
completed earlier than the writing of data “3”, only the verify
potential “b” is verified first. The signal VPRE is set to Vdd
and the signal BLCLAMP is set to a specific potential,
thereby precharging the bit line. The data is in DDC. Next, the
verify potential “b™ is supplied to the word line and the bit
line is discharged. While the bit line is being discharged, the
datainthe DDC is transferred to the TDC. Thereafter, the data
in the PDC is transferred to the DDC and the data in the TDC
is transferred to the PDC. Then, the TDC is charged to Vdd.
Thereafter, the signal BLCLAMP is set to a specific potential
(M). Then, it is when the threshold voltage of the cell is equal
to or higher than the verify potential “b" that the TDC goes
high. Here, when the signal BL.C1 is set at Vth+0.5 V, if the
PDC has “0” (when data “3” has been written in the memory
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cell or when data “1”” has been written in the memory cell and
the threshold voltage of the cell is equal to or lower than the
verify potential “a*"’), the TDC goes to Vss. Thus, it is when
data “2” has been written in the memory cell and the verify
potential “b™ has been reached that the TDC goes to Vdd.
Next, when the signal VREG is made high and the signal REG
is set to Vsg, if the data in the DDC is at the high level, the
TDC is forced to go high. Therefore, it is when data “2” has
been written in the memory cell and the verify potential “b"™”
has been reached or when writing is unselected that the TDC
goes to Vdd. After the signal DTG is set to Vsg and the data in
the PDC is copied into the DDC, the signal BLC1 is setto Vsg
and the potential of the TDC is loaded into the PDC.

Thereafter, when the value of the counter (PC) is larger
than the number of verify starts using the verify voltage “c"”
(S34), a simultaneous verity operation using verify potentials
“b” and “c” is carried out (S34, S35).

(Simultaneous Verification Using Verify Potentials “b”,
“c”) (FIG. 16)

In the course of repeating the program and verify operation
a plurality of times, the writing of data into a cell where data
“3” is being written into the memory cell is completed. There-
fore, instead of the verify operation using the verify potential
“b”, a simultaneous verify operation is carried out using the
verify potentials “b” and “c”. First, the signal BLPRE is set to
the high level and the signal BLCLLAMP is set to a specific
potential, thereby precharging the bit line.

Next, the verify potential “b" is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the data in the DDC is transferred to the TDC.
Thereafter, the data in the PDC is transferred to the DDC and
the data in the TDC is transferred to the PDC.

Then, after the TDC is charged to Vdd, a specific potential
is supplied to BLCLAMP. Therefore, it is when the threshold
voltage is equal to or higher than the verify potential “b" that
the TDC goes high. Here, when the signal BLC1 is set to
Vth+0.5V, ifthe PDC has “0” (when data 3" has been written
in the memory cell or when data “1” has been written in the
memory cell and the threshold voltage is equal to or lower
than the verity potential “a*"), the TDC goes to Vss. There-
fore, it is when data “2” has been written in the memory cell
and the verify potential “b" has been reached that the TDC
goes to Vdd. Next, when the signal VREG is made high and
the signal REG is set to Vsg, if the data in the DDC is at the
high level, the TDC is forced to go high. Therefore, it is when
data “2” has been written in the memory cell and the verify
potential “b" has been reached or when writing is unselected
that the TDC goes to Vdd. After the signal DTG is set to Vsg
and the data in the PDC is copied into the DDC, the signal
BLC1 is set to Vsg and the potential of the TDC is loaded into
the PDC.

Next, the verify potential “c™ is supplied to the word line
and the bit line is discharged. While the bit line is being
discharged, the data in the DDC is transferred to the TDC.
Thereafter, the data in the PDC is transferred to the DDC and
the data in the TDC is transferred to the PDC.

Then, after the TDC is charged to Vdd, a specific potential
(H) is supplied to BLCLAMP. The bit line potential is trans-
ferred to TDC. It is when data “3” has been written in the
memory cell and the verify potential “c™ has been reached
that the TDC goes to Vdd. Next, when the signal VREG is
made high and the signal REG is set to Vsg, if the data in the
DDC is at the high level, the TDC is forced to go high.
Therefore, it is when data “2”” has been written in the memory
cell and the verify potential “c” has been reached or when
writing is unselected that the TDC goes to Vdd. After the
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signal DTG is set to Vsg and the data in the PDC is copied into
the DDC, the signal BL.C1 is set to Vsg and the potential of the
TDC is loaded into the PDC.

In this way, the program and verify operation is repeated
until the data in all of the PDCs has become “1” (S36, S37).
However, when the data in the DDC is “1” in a write opera-
tion, that is, when data “2” has been written in the memory
cell or when data “1”” has been written in the memory cell and
the verify potential “a*" has been exceeded, the bit line is set
to the intermediate potential and a write operation is carried
out.

Each time the program and verify operation is repeated, the
program voltage Vpgm is raised little by little. An increment
AVpgm inthe program voltage Vpgm differs between the first
page write operation and the second page write operation. For
example, an increment AVpgm in the first page write opera-
tion is set larger than an increment AVpgm in the second page
write operation.

Inthe algorithm of FIG. 9, after program and verify “a*, a
are repeated several times, program and verify “a*', a” and
program verify “b"™ are repeated several times, and program
and verify “a™, a” and program verify “b', ¢ are repeated
several times. In the middle of repeating the operations, the
writing of data “1” into the memory cell is completed earlier.
Therefore, when the cells into which data “1” is to be written
have run out, program verify “a*', a™ is skipped and program
and program verify “b" or program and program verify “b',
c” are repeated. When program and verify “a*, a” are
skipped, the SDC is not used. Therefore, the next program
data can be inputted. However, there may be a cell where data
“1” is difficult to write into the memory cell. Therefore, the
number of times of program verify “a*, a” is limited (S29).

In the first embodiment, the data on the first page (lower
page) is written into the memory cell. Thereafter, when the
data on the second page (upper page) is written into the
memory cell, the data on the first page is read out and thresh-
old voltages of three levels are written. However, the data on
the first page and the data on the second page may be written
into the memory cell at the same time.

FIG. 17 shows a modification of the first embodiment. The
same parts as those in FIG. 9 are indicated by the same
reference numerals. As shown in FIG. 17, the data storage
circuits are reset and the counter (PC) is initialized (S51).
Thereafter, the data on the first page is loaded into the SDC
(S52). Then, the data on the first page is transferred from the
SDC to the PDC (S53). Next, the data on the second page is
loaded into the SDC (S54). Thereafter, each data cache is set
as shown in FIG. 10B (S55). According to the data in the data
cache, the program is executed (S56).

In such a method, since the data on the first page and the
data on the second page are written into the memory cell
simultaneously, the data on the first page need not be read out
for a write operation and internal data read only for the first
page. This enables a higher speed write operation.

(First Page Read)

FIG. 18A is a flowchart for a first page read operation. First,
an address is specified, thereby selecting two pages shown in
FIG. 3. As shown in FIGS. 1B and 1C, the distribution of
threshold voltage differs before and after the second page is
written into. Therefore, the potential of the word line is set to
“b” and a read operation is carried out. Then, it is determined
whether the data in the second flag cell is either “0” or “1”
(S71,S72). Inthis determination, if there are a plurality of flag
cells, it is decided by the majority of the flag cells whether the
data in the second flag cell is either “0” or “1”.

Ifthe data read from the second flag cell is “0” (the data in
the memory cell is “2”), this means that the second page has
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been written into. Thus, the distribution of threshold voltage
of the cell is as shown in FIG. 1C. To determine the data in
such a cell, a read operation is carried out using the word line
potential “b”. However, in step S71, the result of performing
a read operation using the word line potential “b” has been
already read into the data storage circuit. Therefore, the data
stored in the data storage circuit is outputted to the outside
(S73).

On the other hand, if the data read from the flag cell is “1”
(the data in the memory cell is “0”), this means that the second
page has not been written into. The distribution of threshold
voltage of the cell is as shown in FIG. 1A or 1B. To determine
the data in these memories, a read operation has to be carried
out using the word line potential “a”. Therefore, a read opera-
tion is carried out using the word line potential “a” (S74).
Thereafter, the data read into the data storage circuit is out-
putted to the outside (S73).

(Read Operation: First Page Read)

As described above, in the first page read operation, the
read potential “a” or “b” is supplied to the selected word line,
thereby performing the read operation.

First, a read voltage Vread is supplied to the unselected
word lines and select line SG1 in the selected block. The
signal BLPRE is set to 1 V+Vth and BLCLAMP is set to
Vdd+Vth in the data storage circuit shown in FIG. 6, thereby
precharging the bit line. Thereafter, the select line SG2 on the
source side of the cell is made high. Since the cells whose
threshold voltage is higher than the potential “a” or “b” are
turned off, the bit line remains at the high level. In addition,
since the cells whose threshold voltage is lower than the
potential “a” or “b” are turned on, the bit line goes to Vss.

Next, the signal BLPRE of the data storage circuit 10 is set
to Vdd+Vth, thereby turning on the transistor 61x, which
precharges node N3 of'the TDC to Vdd. Thereafter, the signal
BLCLAMP is set to the intermediate potential (e.g., 0.9
V+Vth), thereby turning on the transistor 61z. Node N3 of the
TDC goes low when the bit line is at the low level and goes
high when the bit line is at the high level.

Next, the signal BL.C1 is set to Vsg (Vdd+Vth), thereby
loading the potential of'the TDC into the PDC. Thereafter, the
data in the PDC is transferred to the SDC. If the data in the
second flag cell FC2 is “1” (if no data has been written), the
read level is changed and the cell is read from again.

(Second Page Read)

FIG. 18Bis a flowchart for a second page read operation. In
the second page read operation, an address is specified,
thereby selected two pages shown in FIG. 3. As shown in
FIGS. 1B and 1C, the distribution of threshold voltage differs
before and after the second page is written into. However,
after the second page is written into, the distribution is as
shown in FIG. 1C. For this reason, a read operation has to be
carried out by changing the word line potential three times in
this order: “a”, “b”, “c”. However, in a write operation, a
verify operation with “c” is carried out by only changing the
word line potential after a verify operation with “b”. Thus, it
is desirable that a read operation should be the same as a
verify operation. Therefore, aread operation with b’ and that
with “c” are carried out simultaneously.

Specifically, first, read operations are carried out simulta-
neously with the word line potentials “b” and “c” (S81).
Thereafter, a read operation is carried out using the word line
potential “a” (S82). When the threshold voltage of the
memory cell is lower than the word line potential “a” or when
the threshold voltage is higher than word line potential “b”
and lower than the word line potential “c”, data is determined
to be “1”. In addition, when the threshold voltage of the
memory cell is higher than the word line potential “a” and
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lower than the word line potential “b” or when the threshold
voltage is higher than word line potential “c”, data is deter-
mined to be “0”. Before the second page is written into, “1”
should be outputted as the data on the second page. However,
the distribution of threshold voltage is as shown in FIG. 1A.
Thus, when the same read operation as after the second page
is written into is carried out, the output data might be “0”.
Therefore, it is determined whether the data in the first flag
cell FC1 is either “0” or “1” (S83). If the result has shown that
the data in the first flag cell FC1 is “1” and the second page has
not been written into, the output data is fixed to “1”” (S84). To
fix the output data to “1”, the signal PRST of the data storage
circuit is made high and the SDC is set to “1”. Alternatively,
the data input/output bufter of FIG. 2 is caused to output only
data““1”. In addition, if the data in the first flag cell FC1 is “0”,
the read-out data is outputted (S85).

In the second page read operation, the following operation
is carried out.

(Read Operation: Second Page Read First Session)

In afirst session of the second page read operation, as inthe
simultaneous verification using “b” and “c” in a program
verify operation, after the bit line is precharged, the read
potential “b” is supplied to the word line. In this state, the data
is read from the memory cell. In the middle of the read
operation, the potential of the word line is changed to the read
potential “c” and the read operation is performed (S81).

First, the read voltage Vread is supplied to the unselected
word lines and select line SG1 in the selected block. The
signal BLPRE is set to 1 V+Vth and BLCLAMP is set to
Vdd+Vth in the data storage circuit shown in FIG. 6, thereby
precharging the bit line. Thereafter, the select line SG2 on the
source side of the cell is made high. Since the cells whose
threshold voltage is higher than the potential “b” are turned
off, the bit line remains at the high level. In addition, since the
cells whose threshold voltage is lower than the potential “b”
are turned on, the bit line goes to Vss.

Next, the signal BLPRE of the data storage circuit is set to
Vdd+Vth, thereby turning on the transistor 61u, which pre-
charges node N3 of the TDC to Vdd. Thereafter, the signal
BLCLAMP is set to 0.9 V+Vth, thereby turning on the tran-
sistor 61¢. Node N3 of the TDC goes low when the bit line is
at the low level and goes high when the bit line is at the high
level. Next, the signal BL.C1 is set to Vsg (Vdd+Vth), thereby
loading the potential of the TDC into the PDC.

Next, the word line potential is changed to “c”. Since the
cells whose threshold voltage is higher than the potential “c”
are turned off, the bit line remains at the high level. In addi-
tion, since the cells whose threshold voltage is lower than the
potential “b” are turned on, the bit line goes to Vss. While the
bit line is being discharged, the signal DTG is setto Vdd+Vth,
thereby copying the data in the PDC into the DDC.

Next, the signal BLPRE of'the data storage circuit 10 is set
to Vdd+Vth, thereby turning on the transistor 61, which
precharges node N3 of'the TDC to Vdd. Thereafter, the signal
BLCLAMP is set to 0.9 V+Vth, thereby turning on the tran-
sistor 61¢. Node N3 of the TDC goes low when the bit line is
at the low level and goes high when the bit line is at the high
level. Next, the signal BLC1 is set to Vsg(Vdd+Vth), thereby
loading the potential of the TDC into the PDC.

(Read Operation: Second Page Read Second Session)

In a second session of the second page read operation, the
read potential “a” is supplied to the selected word line,
thereby conducting a read operation (S82).

First, the read voltage Vread is supplied to the unselected
word lines and select line SG1 in the selected block. In this
state, the signals BLPRE, BLCLAMP in the data storage
circuit 10 are set to 1 V+Vth, thereby precharging the bit line.
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Thereatfter, the select line SG2 on the source side of the cell is
made high. Since the cells whose threshold voltage is higher
than the word line potential “a” are turned off, the bit line
remains at the high level. In addition, since the cells whose
threshold voltage is lower than the word line potential “a” are
turned on, the bit line goes to Vss.

Next, the signal BLPRE of the data storage circuit 10 is set
to Vdd+Vth, thereby precharging node N3 ofthe TDC to Vdd.
Thereafter, the signal BLCLAMP is set to Vdd+Vth, thereby
turning on the transistor 61z. Node 3 of the TDC goes low
when the bit line is at the low level and goes high when the bit
line is at the high level.

While the bit line is being discharged, the signal VPRE is
set to Vss and the signal BLPRE is set to Vdd+Vth, thereby
putting the TDC to Vss temporarily. Thereafter, the signal
REG is set to Vdd+Vth and the signal VREG is set to Vdd. If
the DDC is at the high level, the TDC is made high. That is, the
data in the DDC is copied into the TDC. Next, the signal is
DTG is set to Vdd+Vth, thereby copying the data in the PDC
into the DDC. Then, the signal VREG is set to Vss and the
signal REG is set to Vdd. If the DDC is at the high level, the
TDC is forced to go low. Thereafter, the signal BLC1 is set to
Vdd+Vth, thereby loading the potential of the TDC into the
PDC. It is when the threshold voltage has exceeded the “b”
level and is equal to or lower than the “c” level in the first read
operation that the PDC goes high. In addition, it is when the
threshold voltage is equal to or lower than the “b” level or is
equal to or lower than the “c” level that the PDC goes low.

Next, the signal BLPRE of the data storage circuit 10 is set
to Vdd+Vth, thereby turning on the transistor 61x, which
precharges node N3 of'the TDC to Vdd. Thereafter, the signal
BLCLAMP is set to 0.9 V+Vth, thereby turning on the tran-
sistor 61¢. Node 3 of the TDC goes low when the bit line is at
the low level and goes high when the bit line is at the high
level. Next, the signal DTG is set to Vdd+Vth, the signal REG
is set to Vdd, and the signal VREG is set to Vss. If the PDC is
at the high level, the TDC is forced to go to Vss. Then, the
signal BLC1 is set to Vsg (Vdd+Vth), thereby loading the
potential of the TDC into the PDC. As a result, it is when the
threshold voltage of the memory cell is higher than the word
line potential “a” and lower than the word line potential “b” or
when the threshold voltage is higher than the word line poten-
tial “c” that the PDC goes high. Thereafter, the data in the
PDC is transferred to the SDC.

When the data in the first flag cell FC1 is “1” (when no data
has been written), the second page has not been written into.
Therefore, the output data is fixed to “1” and the data is
outputted (S84).

In the above explanation, the potential of the word line has
been changed to “b” and “c” in the first precharging of the bit
line, thereby reading the data in the memory cell. Then, the bit
line has been precharged again, thereby reading the data with
the word line potential “a”. Alternatively, the data in the
memory cell may be read by changing the potential of the
word line in the order of “a”, “b”, “c” in the first precharging
of the bit line.

(Erase)

In an erase operation, an address is specified first, thereby
selecting a block shown by a broken line in FIG. 3. Next, the
potential of a well where cells are formed is raised to a high
voltage (about 20V), the word line of the selected block is set
to Vss, and the word lines of the unselected blocks are made
floating. Then, a high voltage is applied between the cells of
the selected block and the well, which erases the data stored
in the cells. On the other hand, in the unselected blocks, since
the word lines are in the floating state, when the well is raised
to a high voltage, the word lines are also raised to a high
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voltage by capacitive coupling. As a result, the data stored in
the memory cells in the unselected blocks are not erased.

After an erase operation, the data in the memory cells
become “0”. Even if either the first or the second page read
operation is carried out, data “1” is outputted.

With the first embodiment, in the second-page program
verify operation, data “2” and data “3” are verified simulta-
neously using the verify voltages “b"” and “c". Therefore, to
conduct two verify operations, the bit line is precharged once
and the word line potential is set only to “b” and “c”. Con-
sequently, the number of precharges of the bit line requiring a
long time can be decreased, which improves the verify speed.

Furthermore, in the second page read operation, data “2”
and data “3” are read by precharging the bit line once and
setting the word line potential to “b” and “c”. Thus, the
number of precharges can be reduced, which improves the
read speed.

Moreover, in a program verify operation and a read opera-
tion, the bit line is precharged and then the potential of the
word line is changed. This enables a program verify operation
and a read operation to be carried out under the same condi-
tions, which improves the reading accuracy.

In the second page write operation, the maximum number
of'loops which determines the number of executions of verify
operations using “a"™ is set. When the value of the counter
(PC) has reached the maximum number of loops, the verify
operation using “a"™ is ended. As a result, the second page
write time can be made shorter.

Furthermore, in the first embodiment, the data on the first
page is written into the memory cell using a potential lower
than the original threshold voltage, the data on the first page is
written into the adjoining memory cell before the data on the
second page is written, and the data on the second page is
written into the memory cell after the adjoining memory cell
is written into, thereby setting the original threshold voltage
corresponding to the stored data. Since the data on the first
page is written into the memory cell, taking into account the
FG-FG capacitance of the adjoining memory cell, the thresh-
old voltage corresponding to multivalued data can be set
accurately.

When the data on the second page is written, data is written
into the flag cell. In reading the data on each page, the exter-
nally outputted data is controlled according to the data stored
in the flag cell. Therefore, the data on each page can be
outputted reliably.

In the prior art, when part of the data read from, for
example, the memory cell is replaced with the externally
inputted data and the resulting data is written, that is, when a
so-called page copy is made, a transistor 62e is inserted
between the inverter circuit 62¢ and the inverter 624 and a
transistor 62fis connected in parallel with the inverter circuit
62c¢ and the transistor 62¢ as shown by a broken line in FIG.
6. In such a conventional configuration, when a program
command is inputted in the middle of a page copy, the data
read from the memory cell is inverted in logic level with
respect to the data supplied from the data input terminal 5a
and the result is latched in the SDC. Therefore, it is necessary
to cause the data supplied from the data input terminal 5a to
coincide in logic level with the data latched in the SDC.
Accordingly, in a page copy, the transistor 62e is turned on
and the transistor 62f'is turned off by complementary signals
¢, /9, thereby inverting the writing data. The resulting data is
supplied to the SDC.

However, with the first embodiment, in a page copy, the
data read from the memory cell is inverted and the inverted
data is latched in the SDC. The data from the data input
terminal 5a is caused to coincide in logic level with the data in
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the SDC. Therefore, there is no need to provide the transistors
62¢, 62/ between the data input terminal S5a and the SDC as in
the prior art. Consequently, the first embodiment has the
advantage of simplifying the circuit configuration.

In the first embodiment, when the data on the second page
(upper page) is written into the memory cell, a program and
verify (a*, a') operation and a program verify (b', ¢') operation
are carried out separately. However, as in a program verify (b',
¢') operation, they may be verified simultaneously by raising
the word line potential in the order of a*, a', b', ¢' sequentially
after the bit line is charged once.

In addition, in the second page read operation, a read (b, ¢)
operation and a read (a) operation are carried out separately.
However, these data items may be read simultaneously by
raising the word line potential in the order of a, b, ¢ sequen-
tially after the bit line is charged once.

Second Embodiment

FIG. 19 shows a memory cell array 1 and a bit line control
circuit 2 ina NAND flash memory for storing 8-valued (3 bits
of) data according to a second embodiment of the present
invention. Since the configuration of FIG. 19 is almost the
same as the configuration for 4-valued (2 bits of) data shown
in FIG. 3, only the part differing from the configuration of
FIG. 3 will be explained.

In FIG. 19, when one word line is selected by an external
address, then one sector shown by a broken line is selected.
One sector is composed of three pages. An address is used to
switch between the three pages. Specifically, since 3 bits of
data can be stored in a memory cell, the switching between
three bits is done by an address (a first page, a second page,
and a third page). One sector has five flag cells FC1, FC2,
FC3, FC4, and FC5 (FIG. 19 shows only flag cells FC1 and
FC5). Therefore, when one word line is selected, the five flag
cells FC1, FC2, FC3, FC4, and FCS5 are selected at the same
time. The flag cells FC1 to FC5 are connected via bit lines to
flag data storage circuits 10a, 105, 10c, 104, 10e, respectively
(FIG. 19 shows only the flag data storage circuits 10a, 10e).
The flag cells FC1, FC2 store data indicating that the second
page has been written into. The flag cells FC3, FC4, FCS5 store
data indicating that the third page has been written into.

However, since one memory cell can store 3 bits of data,
three flag cells may be used to store data indicating that the
second page and third page have been written into, without
using five flag cells.

Moreover, to increase the reliability, more than one of each
of'the flag cells FC1 to FC5 may be provided. The same data
is stored in these cells. In a read operation, majority decision
may be applied to the data read from the flag cells.

The operation of the second embodiment will be explained.

An erase operation is the same as in the case of 4-valued
data.

FIGS. 20A, 20B, 20C and FIGS. 21A, 21B show the rela-
tionship between the data in a memory cell and the threshold
voltage of the memory cell. After an erase operation is carried
out, the data in the memory cell becomes “0”. As shown in
FIG. 20A, when the first page is written into, the data in the
memory cell becomes data “0”” and data “4”. Thereafter, when
datais written into a cell adjoining the first page, the threshold
voltage of data “4” expands (FIG. 20B).

After the second page is written into, the data in the
memory cell becomes data “07, “27, “4”, “6” (FIG. 20C).
Thereafter, when data is written into the adjoining cell, the
threshold value distribution of each of data <0, “2”, “4”, <6~
expands (FIG. 21A).
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After the third page is written into, the data in the memory
cell becomes data “0” to “7” (FIG. 21B). In the second
embodiment, the data in the memory cell is defined, starting
from the lowest threshold voltage upward.

FIGS. 22A and 22B show two write sequences in the sec-
ond embodiment. In a block, data is written in pages, starting
from a memory cell closer to the source line. In FIGS. 22A
and 22B, for the sake of explanation, the number of word lines
is set at 4. The write sequence shown in FIG. 22 A is similar to
the write sequence shown in FIG. 7. In contrast, the write
sequence shown in FIG. 22B differs a little from that of FIG.
22A. Specifically, after the first page is written into, the same
cell is written into up to the second page, instead of writing
data into the second page of the adjoining cell. Thereafter,
before the third page is written into, up to the second page of
the adjoining cell is written into and then the third page is
written into. As described above, writing may be done, taking
into account the effect of a cell adjoining the third page.

Let the original read potentials for the third page word line
be“a”, “b”, “c”, “d”, “e”, “t”, “g” and the verify potentials be
“a”, “b, <™, “d™, “e”, “f, “g”. Let the second page read
potentials be “b*” (="a”), “d*”, “t™” lower than the original
read potentials and the second page verify potentials be “b*"’,
“d@*, «“f* a little higher than these. Let the first page read
potential be “d**” (="“a”) lower than the original read poten-
tial and the first page verify potential be “d**"”” a little higher
than this.

(Program and Program Verify)

In a program operation, first, an address is specified,
thereby selecting three pages shown in FIG. 19. In the
memory, of the three pages, programming can be done only in
this order: the first page, the second page, and then the third
page. First page and second page are programmed in the same
manner as in the case of 4-valued data.

The data in a 4-valued memory cell and the threshold
voltages of the memory cell shown in FIGS. 20A, 20B, and
20C correspond to those in FIGS. 1A, 1B, and 1C. Since
flowcharts for a program and a program verify operation are
the same as those in FIGS. 8 and 9, they will be omitted. The
definitions of data in the memory cell and the word line
potentials are <07, “1”, “2”, “3” and “a”, “b”, “c” in the case
of'4-valued data, whereas they are “0”, “2”, “4”, “6” and “b”,
“d”, “f” in the case of 8-valued data.

(First Page Program)

A flowchart for the first page program is the same as that of
FIG. 8, except that the definitions of the word line potentials
are changed as described above.

(Adjoining Cell Program)

As shown in FIG. 22A, after one bit of data is written into
the first page of the memory cell 1, the first page of the
memory cell 2 adjoining the memory cell 1 in the word
direction is written into. Then, the writing of data into the first
page of the memory cell 3 adjoining the memory cell 1 in the
bit direction and the writing of data into the first page of the
memory cell 4 adjoining the memory cell 1 diagonally are
effected in that order. When these write operations have been
carried out, the threshold voltage of the memory cell 1 rises
due to the FG-FG capacitance, depending on writing data.
Accordingly, the threshold voltage distribution of data “0”
and that of data “4” in the memory cell 1 expand toward a
higher threshold voltage as shown in FIG. 20B.

Thereafter, one bit of data is written into the second page of
the memory cell 1 again.

(Second Page Program)

A flowchart for the second page program is the same as that
of FIG. 9, except that the definitions of the word line poten-
tials are changed as described above. The data in the data
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cache after a data load operation and an internal read opera-
tion are the same as the data in the data cache after data cache
setting. In the second page write operation, the flag cell FC1
is written into to the verify potential “b*" and the flag cell
FC2 is written into to the verify potential “d*"’.

(Adjoining Cell Program)

Asshown in FIG. 22 A, after data is written into the first and
second pages of the memory cell 1, data is written into the
second page of the memory cell 2, the first page of the
memory cell 5, the first page of the memory cell 6, and the
second page of the memory cell 3, and the second page of the
memory cell 4. When these write operations have been car-
ried out, the threshold voltage of the memory cell 1 rises due
to the FG-FG capacitance, depending on writing data.
Accordingly, the threshold voltage distributions of data “2”,
data “4”, and data “6” in the memory cell 1 expand as shown
in FIG. 21A.

Thereafter, one bit of data is written into the third page of
the memory cell 1 again.

(Third Page Program)

FIG. 23 is a flowchart for a third page program operation.
In the third page program operation, too, an address is
selected first, thereby selecting three pages shown in FIG. 19.

Next, the data storage circuits 10 are reset (S91). Writing
data is externally inputted and then is stored in the SDCs in all
of the data storage circuits 10 (S92). If data “1” is externally
inputted (if no writing is done), the SDC of the data storage
circuit 10 of FIG. 6 goes low. If data “0” is externally inputted
(if writing is done), the SDC goes high. Thereafter, when a
write command is inputted, this means the third page pro-
gram. Thus, to write data into the flag cells FC3 to FC5,
specific data is inputted to the flag cell data storage circuits
104, 105.

As shown in FIG. 21B, in the third page program, when the
data in the memory cell is “0” and the externally inputted data
is “17, the data in the memory cell is kept at “0”. When the
externally inputted data is “0”, the data in the memory cell is
set at “1”.

When the data in the memory cell is “2” and the externally
inputted data is “0”, the data in the memory cell is kept at “2”.
However, in the second page write operation, when it is veri-
fied whether the data in the memory cell has reached “2”, the
verify potential “b*"” lower than the original one is used. For
this reason, a memory cell storing data “2” is written into to
the potential “b™ or the original verify potential. When the
data in the memory cell is “2” and when the externally input-
ted data is “1”, the data in the memory cell is set at “3”.

When the data in the memory cell is “4” and the externally
inputted data is “1”, the data in the memory cell is kept at “4”.
However, in the second page write operation, when it is veri-
fied whether the data in the memory cell has reached “4”, the
verify potential “d*"” lower than the original one is used. For
this reason, a memory cell storing data “4” is written into to
the potential “d" or the original verify potential. When the
data in the memory cell is “4” and when the externally input-
ted data is “0”, the data in the memory cell is set at “5”.

When the data in the memory cell is “6” and the externally
inputted data is “0”, the data in the memory cell is kept at “6”.
However, in the second page write operation, when it is veri-
fied whether the data in the memory cell has reached “6”, the
verify potential “f*"” lower than the original one is used. For
this reason, a memory cell storing data “6” is written into to
the potential “f or the original verify potential. When the
data in the memory cell is “6” and when the externally input-
ted data is “1”, the data in the memory cell is set at “7”.

In the second page write operation, the flag cell FC1 is
written into to the verify potential “b*"” and the flag cell FC2
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is written into to the verify potential “d*"’. In the third page
write operation, the flag cell FC3 is written into to the verify
potential “a™, the flag cell FC4 is written into to the verify
potential “b"™’, and the flag cell FC5 is written into to the verify
potential “d™.

(Third-Page First-Session Program)

In the third page program, data “1” to “7” are written into
the memory cell. Although these data can be programmed
simultaneously, four data “4” to “7” are written into the
memory cell. Thereafter, data “1” to “3” are written into the
memory cell. This will be explained concretely below.

(Internal Data Read 1 and Data Cache Setting 1) (S93, S94)

Before data is written into the memory cell, it is determined
whether the data in the second page memory cell is either “4”
or “6” or either “0” or “2”, whether the data in the memory
cellis “6”, and whether the data in the memory cell is any one
of “0”, “2”, and “4”. To do this, the word line potential is set
to “d*” and “f*” in that order and an internal read operation is
carried out (S93).

FIG. 25A shows the state of the data cache after an internal
read operation. Thereafter, the data cache is operated to set the
data cache as shown in FIG. 25B. Then, for example, the
counter (PC) is initialized to zero and the data in the fifth flag
cell is loaded (S94).

In FIG. 25B, to set the data in the memory cell at “0”to “3”,
the PDC is set high. To set the data in the memory cell at “4”,
the PDC is set low, the DDC is set low, and the SDC is set
high. To set the data in the memory cell at “5”, the PDC is set
low, the DDC is set high, and the SDC is set high. To set the
data in the memory cell at “6”, the PDC is set low, the DDC is
set high, and the SDC is set low. To set the data in the memory
cell at <77, each of the PDC, DDC, and SDC is set low.

(Program: First Session) (S95)

After the counter (PC) is counted up, data is written into the
memory cell. As in the first embodiment, in the second
embodiment, unnecessary verify operations are skipped
using the value of the counter and a predetermined number of
verify starts.

First, when the signal BL.C1 is set at Vsg, if the PDC has
data “0”, the bit line is at V'ss. If the PDC has data <17, the bit
line is at Vdd. Next, after the signal BLC1 is set at Vss, the
signal VREG is set at Vdd and the signal REG is set at the
intermediate potential+Vth(1 V+Vth). Then, if the DDC has
data “17, the bit line is at the intermediate potential. If the
DDC has data “0”, the bit line is not precharged. As a result,
only when data “4”, “7” are written into the memory cell, the
bit line is at Vss. When data “5”, “6” are written in the
memory cell, the bit line is at the intermediate potential (1V).
If the data in the memory cell is “0” to “3” (if no writing is
done), the bit line is at Vdd. Here, the selected word line is set
at Vpgm and the unselected word line is set at Vpass. If the bit
line is at Vdd, no writing is done. If the bit line is at Vss,
writing is done. If the bit line is at the intermediate potential
(1V), writing is done a little. Accordingly, a memory cell in
which data “57, “6” have been written might be written into
insufficiently. However, since data “6” and data *“7” are veri-
fied simultaneously, the write time ends earlier when they are
written as simultaneously as possible. Therefore, the inter-
mediate potential is supplied to the bit line.

(a) Thereafter, the verify voltage “d"™ is set and a write
verify operation is carried out (896, S97). In this verify opera-
tion, when the signal BLC2 is made high and signal
BLCLAMP is set to a specific potential, the bit line is pre-
charged. At this time, what is precharged is only a memory
cell whose SDC is at the high level, that is, a memory cell in
which data <57, “4” have been written.
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Next, the verify potential “d" is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the signal VREG is set at Vss and the signal REG
is set at VDD. If the DDC is at the high level, the bit line is
discharged. Therefore, a memory cell whose bit line is pre-
charge is only the one into which data “4” is to be written.

Next, while the bit line is being discharged, the data in the
DDC is transferred to the TDC. Thereafter, the data in the
PDC is transferred to the DDC and the data in the TDC is
transferred to the PDC. Then, the TDC is charged to Vdd.
Thereafter, the signal BLCLAMP is setto a specific potential.
Then, it is when data “4” has been written in the memory cell
and the verify potential “d" has been reached that the TDC
goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “4”
has been written in the memory cell and the verify potential
“d"” has been reached, or when writing is unselected that the
TDC goes to Vdd. Then, the signal DTG is set to Vsg and the
data in the PDC is copied into the DDC. Thereafter, the signal
BLC1 is set to Vsg and the potential of the TDC is loaded into
the PDC.

(b) Thereafter, the verify voltage “e™ is set and a write
verify operation is carried out (598, S99, S100).

In this verify operation, the signal VPRE is set high and the
signal BLCLAMP is set to a specific potential, thereby pre-
charging the bit line. Next, the verify potential “e"”1

(11}

is supplied
to the word line and the bit line is discharged. While the bit
line is being discharged, the data in the DDC is transferred to
the TDC. Thereafter, the data in the PDC is transferred to the
DDC and the data in the TDC is transferred to the PDC. Then,
the TDC is charged to Vdd. Thereafter, the signal BLCLAMP
is set to a specific potential. Then, it is when the threshold
voltage of the cell is equal to or higher than the verify poten-
tial “e™ that the TDC goes high. Here, when the signal
BALC2 is setat Vth+0.5V, if the SDC has “0” (when data “6”
has bee written in the memory cell or when data “7”” has been
written in the memory cell), the TDC goes to Vss. Thus, it is
when data “5” has been written in the memory cell and the
verify potential “e"”” has been reached.

Next, when the signal VREG is made high and signal REG
is set to Vsg, if the data in the DDC is at the high level, the
TDC is forced to go high. Therefore, it is when data “5” has
been written in the memory cell and the verify potential “e"”
has been reached or when writing is unselected that the TDC
goes to Vdd. After the signal DTG is set to Vsg and the data in
the PDC is copied into the DDC, the signal BLC1 is setto Vsg
and the potential of the TDC is loaded into the PDC.

(c) A veritfy operation using the verify potential “f” is the
same as a verify operation using the verify potential “b” of the
first embodiment. The word line potential in a verify opera-
tion is “f” (S101, S102, S103).

(d) A simultaneous verify operation with the verify poten-
tials “f', “g" is the same as a simultaneous verify operation
with the verify potentials “b”, “c” of the first embodiment.
The word line potentials in a verify operation are “f”” and “g"’.

In this way, the program and verify operation is repeated
until the data in all of the PDCs has become “1”* (S106, S107).
However, when the data in the DDC is “1” in a write opera-
tion, that is, when data “5” has been written in the memory
cell or when data “6” has been written in the memory cell, the
bit line is set to the intermediate potential and a write opera-
tion is carried out. Each time the program and verify operation
is repeated, the program voltage Vpgm is raised little by little.
In the first program, four data “4” to “7” are written into the
memory cell.
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Inthe above explanation, after the first program, four verify
operations are carried out. In the initial loop of the program,
the threshold voltage does not rise. Thus, only a verify opera-
tion using the verify potential “d™ is carried out at first. Next,
averify operation using the verify potential “d”” and the verify
potential “e™ is carried out. Then, a verify operation using
only the verify potential “d"™’, the verify potential “e"”, and the
verify potential “f™ is carried out. Finally, a verify operation
using the verify potential “d"” and the verify potential “e"” and
a“f', g" simultaneous verify operation of veritying the verify
potential “f”* and the verify potential “g" at the same time
may be carried out.

In aloop close to the end of the program, the writing of data
“4” has been completed. Therefore, a verify operation using
the verity potential “d™ may be omitted and a verify operation
using the verify potential “d” and the verify potential “e™
may be omitted.

In the first third-page program, the flag cell FC5 is written
into to the verify potential “d"’.

(Second-Session Program) (S108 to S121)

In a second-session program, three data “1” to “3” are
written into the memory cell. A memory cell into which data
“1” is to be written has not been written into at all. Therefore,
as in the first embodiment, a verity potential “a*" lower than
the original verify potential is provided. The intermediate
potential is supplied to the bit line of a cell whose threshold
voltage has exceeded the verify potential “a*". This makes
the write speed slower and the threshold value distribution
narrower. Since data “2” and data “3” are verified simulta-
neously, the write time ends earlier when they are written as
simultaneously as possible. Therefore, even when data “2” is
being written into the memory cell, the intermediate potential
is supplied to the bit line, thereby making the write speed
slower.

(Internal Data Read 2 and Data Cache Setting 2) (S109,
S110)

After the data in the third flag cell has been loaded (S108),
before data is written into the memory cell, the word line
potential is set to “b* (=a)” and “d*” in that order and an
internal read operation is carried out (S109).

Thereafter, the data cache is operated to set the data cache
as shown in FIG. 26 (S110). Specifically, to write data “0”
into the memory cell, the PDC is set high, the DDC is set high,
and the SDC is set high. To write data “1” into the memory
cell, the PDC is set low, the DDC is set low, and the SDC is set
high. To write data “2” into the memory cell, the PDC is set
low, the DDC is set high, and the SDC is set low. To write data
“3” into the memory cell, the PDC is set low, the DDC is set
low, and the SDC is set low. To write data “4” to *“7” into the
memory cell, each PDC is set high.

Here, for example, the counter (PC) is initialized to zero
and the data in the fourth flag cell is loaded.

(Program: Second Session) (S111)

Next, for example, after the counter (PC) is counted up,
data is written into the memory cell. When the signal BLC1 is
set at Vsg first, if the PDC has data “0”, the bit line is at Vss.
If the PDC has data “1”, the bit line is at Vdd. Next, after the
signal BL.C1 is set at Vss, the signal VREG is set at Vdd and
the signal REG is set at the intermediate potential+Vth (1
V+Vth). Then, if the DDC has data “1”, the bit line is at the
intermediate potential (1 V). If the DDC has data “0”, the bit
line is not precharged. As a result, when data “3” has been
written in the memory cell or when data “1” has been written
in the memory cell and the threshold voltage is equal to or
lower than the verify potential “a*"” lower than the original
verify potential, the bit line is at Vss. When data “2”” has been
written in the memory cell, when data “1” has been written in
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the memory cell and the threshold voltage has exceeded the
verify potential “a*" lower than the original potential, or
when the bit line is at the intermediate potential (1 V) and the
data in the memory cell is “0”, “4” to “3” (when no writing is
done), the bit line is at Vdd. Here, the selected word line is set
at Vpgm and the unselected word line is set at Vpass. If the bit
line is at Vdd, no writing is done. If the bit line is at Vss,
writing is done. If the bit line is at the intermediate potential
(1 V), writing is done a little. Since verify operations in
writing data “2” and data “3” into the memory cell are carried
out simultaneously, the write time ends earlier when they are
written as simultaneously as possible. Therefore, the inter-
mediate potential is supplied to the bit line.

(e) A verify operation using the verify potentials “a', a*" is
the same as a verify operation using the verify potentials “a',
a™” in the first embodiment (S112, S113, S114).

(f) A verify operation using only the verify potential “b"™” is
the same as a verify operation using only the verify potential
“b" in the first embodiment (S115, S116, S117).

(g) A simultaneous verify operation using the verify poten-
tials “b™, “c" is the same as a simultaneous verify operation
using the verify potentials “b”, “c” (S118, S119).

When the PDC is at the low level, the write operation is
carried out again. The program and verify operation is
repeated until the data in the PDCs of all of the data storage
circuits has become high (S120 to S121).

In the above explanation, after the first-session program,
three verify operations are carried out. In the initial loop of the
program, the threshold voltage does not rise. Thus, only a
verify operation using the verify potentials “a', a*" is carried
out at first. Next, a verify operation using the verify potentials
“a', a*” is carried out. Then, a verify operation using the
verify potential “b™ is carried out. Finally, a verify operation
using the verify potentials “a', a*”” and a simultaneous verify
operation using the verity potentials “b"’, “c” may be carried
out.

In aloop close to the end of the program, since the writing
of'data “1” has been completed, these verify operations may
be omitted. If data “1” need not be verified, the SDC does not
have to hold the data. Therefore, data for next writing may be
read from the outside and stored in the SDC. With such a
configuration, a still higher speed operation is possible.

In the third-page second program, the flag cell FC3 is
written into to the verify potential “a™ and the flag cell FC4 is
written into to the verify potential “b"™’.

(First Page Read)

FIG. 27A is a flowchart for a first page read operation.

First, an address is specified, thereby selecting three pages
shown in FIG. 19. As shown in FIGS. 20A, 20B, and 20C and
FIGS. 21A and 21B, the distribution of threshold voltage
differs before and after the second page is written into and
before and after the third page is written into. Therefore, the
potential of the word line is set to “d” first and a read operation
is carried out (S131). Thereafter, it is determined from the
data in the flag cell FC5 whether the third page has been
written into (S132). In the determination, if there are a plu-
rality of flag cells, it is decided by the majority of the flag
cells.

Ifthe data read from the flag cell FC5 is “0”, this means that
the third page has been written into. Since the threshold value
distribution is as shown in FIG. 21B, the result of reading the
potentials on the word lines with “d” has already been read
into the data storage circuits 10. Thus, these data are outputted
to the outside world (S133).

On the other hand, when the data read from the flag cell
FC5is “17, this means that the third page has not been written
into. Therefore, the word line potential is set to “d*” and a
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read operation is carried out (S134). It is determined from the
data in the flag cell FC2 whether the second page has been
written into (S135). In the determination, if there are a plu-
rality of flag cells, it is decided by the majority of the flag
cells.

Ifthe data read from the flag cell FC2 is ““0”, this means that
the second page has been written into. Since the threshold
value distribution is as shown in FIG. 20C, the result of
reading the potentials on the word lines with “d*”” has already
beenread into the data storage circuits 10. Thus, these data are
outputted to the outside world (S133).

On the other hand, when the data read from the flag cell
FC2 is “1”, this means that the second page has not been
written into. Therefore, the word line potential is set to “a”
and a read operation is carried out and the read-out result is
outputted to the outside world (S136).

(Second Page Read)

FIG. 27B is a flowchart for a second page read operation.

First, an address is specified, thereby selecting three pages
shown in FIG. 19. As shown in FIGS. 20A to 20C and FIGS.
21A and 21B, the distribution of threshold voltage differs
before and after the second page is written into and before and
after the third page is written into. Therefore, the potential of
the word line is set to “b” first and a read operation is carried
out (S141). Thereafter, it is determined from the data in the
flag cell FC4 whether the third page has been written into
(S142). In the determination, if there are a plurality of flag
cells, it is decided by the majority of the flag cells.

Ifthe data read from the flag cell FC4 is ““0”, this means that
the third page has been written into. Since the threshold value
distribution is as shown in FIG. 21B, it is necessary to read the
data from the memory cell with the word line potentials “b”,
“d”, “f’. However, the result of reading the word line potential
“b” has already been read into the data storage circuit. Thus,
the data is read with the word line potentials “d”, “f” and then
is outputted (S143, S144). The reading with the word line
potentials “d”, “f” is the same as a “b, ¢” simultaneous read
operation in the first embodiment.

On the other hand, when the data read from the flag cell
FC4is “1”, this means that the third page has not been written
into. Therefore, the word line potential is set to “a” and a read
operation is carried out (S145). It is determined from the data
read from the flag cell FC1 whether the second page has been
written into (S146). In the determination, if there are a plu-
rality of flag cells, it is decided by the majority of the flag
cells.

Ifthe data read from the flag cell FC1 is ““0”, this means that
the second page has been written into. Since the threshold
value distribution is as shown in FIG. 20C, it is necessary to
read data with the word line potentials “b*’, “d*”, “f*”. How-
ever, the result of reading the word line potential “b*” has
already been read into the data storage circuit 10. Thus, the
data is read with the word line potentials “d*’, “t*” and is
outputted (S144). A read operation with the word line poten-
tials “d*”, “f*” is the same as a “b, ¢” simultaneous read
operation in the first embodiment.

On the other hand, when the data read from the flag cell
FC1 is “1”, this means that the second page has not been
written into. Therefore, data is fixed to “1” and is outputted to
the outside world (S148).

(Third Page Read)

FIG. 28 is a flowchart for a second page read operation.

First, an address is specified, thereby selecting three pages
shown in FIG. 19. As shown in FIGS. 20A, 20B, and 20C and
FIGS. 21A and 21B, the distribution of threshold voltage
differs before and after the second page is written into and
before and after the third page is written into. Therefore, a
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read operation is carried out with the word line potentials “e,
g” (8151). Then, a read operation is carried out with the word
line potentials “a, ¢ (S152). Thereafter, it is determined from
the data read from the flag cell FC3 whether the third page has
been written into (S153). In the determination, if there are a
plurality of flag cells, it is decided by the majority of the flag
cells. A read operation with the word line potentials “e, g” and
a read operation with the word line potentials “a, ¢” are the
same as in the first embodiment.

Ifthe data read from the flag cell FC3 is “0”, this means that
the third page has been written into. The threshold value
distribution is as shown in FIG. 21B. Thus, the data read into
the data storage circuit with the word line potentials “e, g” and
the word line potentials “a, ¢ is outputted (S154). If the data
read from the flag cell FC3 is “1”, this means that the third
page has not been written into. Therefore, data is fixed to “1”
and is outputted to the outside world (S155).

(Erase)

Since an erase operation is carried out in the same manner
as in the first embodiment, its explanation will be omitted.

With the second embodiment, 8-valued (3 bits of) data can
be written and read reliably at high speed. Moreover, in a third
page write operation, with the bit line being precharged, a
plurality of threshold voltages are verified simultaneously by
changing the potentials of the word line. This enables a third
page program verify operation to be made faster.

In the 8-valued (3-bit) NAND flash memory of the second
embodiment, when the third page is written into, data “4” to
“7” are written in the first write operation and data “1”to “3”
are written. However, this invention is not limited to this. For
instance, data “2”, “4”, “6” may be written first and then data
“17, <37, %57, “7” may be written.

Even when the data items are written in such a manner, the
same effect as in the first embodiment can be produced.

Third Embodiment

In the second embodiment, the flag cells FC1 to FC5 have
written into as follows. When the second page is written into,
the flag cell FC1 is written into to the verify potential “b*"’
and the flag cell FC2 is written into to the verify potential
“d*"”’. When the third page is written into, the flag cell FC3 is
written into to the verify potential “a™, the flag cell FC4 is
written into to the verify potential “b™, and the flag cell FC5
is written into to the verify potential “d"’. For this reason, the
second embodiment uses five flag cells. However, the flag cell
FC1 can be substituted for the flag cell FC4 and the flag cell
FC2 can be substituted for the flag cell FC5. Therefore, the
circuit shown in FIG. 19 can be composed of three flag data
storage circuits and three flag cells FC1, FC2, and FC3.

In the above configuration, the first and second page write
operations are the same as in the second embodiment. The
third page write operation differs a little from that in the
second embodiment.

FIGS. 29 and 30 show the third page write operation. In a
third-page first write operation of FIG. 29, what differs from
FIG. 23 is the way of loading the flag cell data after the
internal read (S93). In the second embodiment, data is loaded
into the fifth flag cell FC5 (S94). In contrast, in the third
embodiment, after the internal read operation (S93), data is
loaded into the flag cell FC2 (S151).

In a third-page second write operation of FIG. 29, what
differs from FIG. 24 is the way of loading the flag cell data
after the internal read operation (S109). In the second
embodiment, data is loaded into the fourth flag cell FC4
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(S110). In contrast, in the third embodiment, after the internal
read operation (S93), data is loaded into the flag cell FC1
(S161).

As described above, when the second page is written into,
the flag cell FC1 is written into to the verify potential “b*"”
and the flag cell FC2 is written into to the verify potential
“d*". Next, in the write operations shown in FIGS. 29 and 30,
when the third page is written into, the flag cell FC3 is written
into to the verify potential “a". The flag cell FC1 written into
to the verity potential “b*"” in the second page write operation
is written into to the verify potential “b™ in the third page
write operation. The flag cell FC2 written into to the verify
potential “d*" in the second page write operation is written
into to the verify potential “d" in the third page write opera-
tion.

FIG. 31A shows a first page reading algorithm and FIG.
31B shows a second page reading algorithm.

In FIG. 31A, what differs from FIG. 27A is the determina-
tion after a read operation is carried out with the potential “d”
(S131). In the second embodiment, this determination is
made on the basis of the data read from the flag cell FC5
(S132). In contrast, in the third embodiment, the determina-
tion is made on the basis of the data read from the flag cell FC2
(S201). The remaining operation is the same as in FIG. 27A.

In FIG. 31B, what differs from FIG. 27B is the determina-
tion after a read operation is carried out with the potential “b”
(S141). In the second embodiment, this determination is
made on the basis of the data read from the flag cell FC4
(S142). In contrast, in the third embodiment, the determina-
tion is made on the basis of the data read from the flag cell FC2
(S211). The remaining operation is the same as in FIG. 27B.

A third page reading algorithm is the same as that of the
second embodiment shown in FIG. 28.

With the third embodiment, use of three flag data storage
circuits and three flag cells enables a program verify opera-
tion to be made faster as in the second embodiment. Since the
number of flag data storage circuits and flag cells can be
reduced, the third embodiment has the advantage of decreas-
ing the area occupied by the chip.

Inthe second page write operation in the first embodiment,
and in the third page write operation in the second and third
embodiments, when data “1” is written into the memory cell,
the SDC becomes empty. Therefore, it is possible to supply
the data to be written next to the SDC. Storing the data to be
written next in the SDC beforehand makes the write speed
much faster.

Furthermore, the following configuration is possible: when
the SDC becomes empty, the program operation is stopped
temporarily, the data is read from the memory cell on another
page, the result of the reading is stored in the SDC, and the
stopped program operation is started again, while the SDC is
outputting the stored data to the outside world.

The number of flag cells and their arrangement are not
limited to the first to third embodiments.

FIG. 32 shows an example of arranging a plurality of flag
cells. In the example, to increase reliability, a plurality of first
and second flag cells and dummy cells are provided at one end
of'the memory cell array. Specifically, four first flag cells and
three second flag cells are arranged for even-numbered pages
(BLE) and four first flag cells and three second flag cells are
arranged for odd-numbered pages (BLO). On both sides of
the even-numbered and odd-numbered second flag cells, an
even-numbered dummy cell and an odd-numbered dummy
cell are provided.

With this configuration, in a read operation, by the majority
decision of the four first flag cells for even-numbered pages
and by the majority decision of the three second cells for
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even-numbered pages, it is determined whether the second
page of an even-numbered page has been written into. In
addition, by the majority decision of the four first flag cells for
odd-numbered pages and by the majority decision of the three
second cells for odd-numbered pages, it is determined
whether the second page of an odd-numbered page has been
written into. With this configuration, even when the threshold
voltage of a cell previously written into is changed by the
threshold voltage of an adjoining cell written into later
through the FC-FC capacitance of the adjoining cell, it can be
determined reliably that the second page has been written
into.

Fourth Embodiment

In a nonvolatile semiconductor memory device for storing
multivalued data, when the number of bits of data to be stored
is large, one threshold value distribution has to be made
narrower. To achieve this, the following has been proposed: in
a program and verify operation, a write operation is carried
out, while the program voltage is increased little by little.
When the program voltage has exceeded a verify potential
lower than the original verify potential, an intermediate
potential is inputted to the bit line, thereby making the write
speed in the program operation slower. In this state, writing is
done to the original verify potential. However, it is necessary
to distinguish a state where a verify potential lower than the
original one has been exceeded from a state where the original
verify potential has been exceeded. This causes the problem
of increasing the number of page buffers.

The operation of the fourth embodiment is almost the same
as that of the first embodiment, except for a simultaneous
verify operation of data “2” and “3” using the verify poten-
tials “b™ and “c™ in a second page program verify operation.
In the first embodiment, a cell to be written into to the thresh-
old voltages “b™ and “c"” is written into to a verify potential
lower than the original threshold voltage. When the cell has
exceeded this verify potential, the intermediate potential is
supplied to its bit line, making the write speed slower, which
prevents the width of the distribution of the threshold voltage
from getting narrower. As shown in FIG. 33A, a cell to be
written into to the threshold voltage “b"™ is written into to the
level of “v" in a first page write operation. Thus, the write
speed becomes slower. For this reason, such an operation may
be unnecessary. A cell to be written into to the threshold
voltage “c" is also written into to the level of “v" in a first
page write operation. There is a difference in level between
“v"” and “c™. For this reason, in verifying the threshold volt-
age “c", a cell is written into to a verify potential lower than
the original threshold voltage. When the cell has exceeded the
level, the intermediate potential is supplied to its bit line,
making the write speed slower, which narrows the threshold
value distribution. To do this, the threshold voltage “c" is
verified with a verify potential “c*" lower than the original
one and with the original verify potential “c"’.

FIG. 34 shows a first page write operation according to the
fourth embodiment. Since a first write operation shown in
S301 to S308 of FIG. 34 and the data in the data cache of FIG.
36 are the same as those in the first embodiment, explanation
of them will be omitted.

FIG. 35 shows a second page write operation. In a second
page write operation, the operations from S311 to S322 are
almost the same as those in the first embodiment, expect for a
simultaneous verify operation using the verify potentials “b”,
“c*” and “c"”’.

(Simultaneous Verification Using the Verity Potentials “b”,
“c*, “c™) (FIGS. 37 and 38)
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In FIG. 35, when a program and verify operation is
repeated a plurality of times, the writing of data into a cell
where data “3” is being written into the memory cell is com-
pleted. Therefore, instead of the verify operation using the
verify potential “b"™ (S322), a simultaneous verify operation
is carried out using the verify potentials “b"™, “c*", and “c”
(S324). First, the signal BLPRE is set to the high level (Vdd+
Vth), the VPRE is set to the high level (Vdd+Vth), and the
signal BLCLAMP is set to a specific potential, thereby pre-
charging the bit line.

Next, the verify potential “b"’ is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the data in the DDC is transferred to the TDC.
Thereafter, the data in the PDC is transferred to the DDC and
the data in the TDC is transferred to the PDC.

Then, after the TDC is charged to Vdd, the signal
BLCLAMP is set to the specific potential. Then, it is when the
threshold voltage is equal to or higher than the verify potential
“b" that the TDC goes high (“17). Here, when the signal
BLC1 is at an intermediate potential, such as Vth+0.5V, if the
PDC has “0” (is at the low level) (when data “3” has been
written in the memory cell or when data “1” has been written
in the memory cell and the threshold voltage is equal to or
lower than the verify potential “a*"’), the TDC goes to Vss.
Therefore, it is when data “2”” has been written in the memory
cell and the verify potential “b"™ has been reached that the
TDC goes to Vdd. Next, when the signal VREG is set high
(e.g., to Vdd) and the signal REG is set to Vsg (e.g., Vdd+
Vth), if the data in the DDC is at the high level, the TDC is
forced to go high. Therefore, it is when data “2” has been
written in the memory cell and the verify potential “b™ has
been reached or when writing is unselected that the TDC goes
to Vdd. After the signal DTG is set to Vsg and the data in the
PDC s copied into the DDC, the signal BLC1 is setto Vsgand
the potential of the TDC is loaded into the PDC.

Next, the verify potential “c*" is supplied to the word line
and the bit line is discharged.

Then, after the TDC is charged to Vdd, the signal
BLCLAMP is set to a specific potential. It is when data “3”
has been written in the memory cell and the verify potential
“c*"” has been reached that the TDC goes to Vdd. Next, when
the signal VREG is made high and the signal REG is set to
Vsg, if the data in the DDC is at the high level, the TDC is
forced to go high. Therefore, it is when data “3” has been
written in the memory cell and the verify potential “c*" has
been reached, when data “2” has been written in the memory
cell, or when data “1” has been written in the memory cell and
the threshold voltage is equal to or higher than the verify
potential “a*” that the TDC goes to Vdd. After the signal
DTG is set to Vsg and the data in the PDC is copied into the
DDC, the signal BL.C1 is set to Vdd+Vth and the potential of
the TDC is loaded into the PDC.

Next, the verify potential “c™”
and the bit line is discharged.

Then, after the TDC is charged to Vdd, the signal
BLCLAMP is set to a specific potential. It is when data “3”
has been written in the memory cell and the verify potential
“c" has been reached that the TDC goes to Vdd. Next, when
the signal VREG is made high and the signal REG is set to
Vsg, if the data in the DDC is at the high level, the TDC is
forced to go high. Therefore, it is when data “3™ has been
written in the memory cell and the verify potential “c™ has
been reached or when writing is unselected that the TDC goes
to Vdd. After the signal DTG is set to Vsg and the data in the
PDC s copied into the DDC, the signal BLC1 is setto Vsgand
the potential of the TDC is loaded into the PDC.

is supplied to the word line
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As a result of these operations, when data “3” has been
written in the memory cell, the verify potential “c*" has been
exceeded, and the write operation has not been completed
with the original verify potential, the DDC is at the high level,
the PDC is at the low level, and the SDC is at the low level.
This state is the same as when data “2” has been written in the
memory cell. For this reason, in the next program, since the
DDC is at the high level, the bit line is at the intermediate
potential (e.g., 1 V), with the result that writing is done.

Thereafter, in a simultaneous verify operation with the
verify potentials “b™, “c*', “c', since the threshold voltage
is equal to or higher than “c*” in verifying the threshold
voltage “b"™, this verify operation is skipped and the PDC
goes high. Thus, when data “3” has been written in the
memory cell and the verify potential “c*” has been exceeded,
the bit line is set to the intermediate potential only once and
writing is done.

In this way, the program and verify operation is repeated
until the data in all of the PDCs has become “1”. However,
when the data in the DDC is “1” in a write operation, that is,
when data “2” has been written in the memory cell, when data
“3” has been written in the memory cell and the verify poten-
tial “c*"” has been exceeded (this is the same as when data “2”
has been written in the memory cell), or when data “1” has
been written in the memory cell and the verify potential “a*"”
has been exceeded, the bit line is set to the intermediate
potential and a write operation is carried out.

Each time the program and verify operation is repeated, the
program voltage Vpgm is raised little by little. An increment
AVpgm in the program voltage Vpgm differs between the first
page write operation and the second page write operation. For
example, an increment AVpgm in the first page write opera-
tion is set larger than an increment AVpgm in the second page
write operation.

In the flowchart of FIG. 35, after program and verity “a*,
a™ (8316, S319) is repeated several times, program and verify
“a* a” and program verify “b"™ are repeated several times,
and program and verity “a*'; a”” and program verify “b', ¢
are repeated several times. In the middle of repeating the
operations, the writing of data “1” into the memory cell is
completed earlier. Therefore, when the cells into which data
“1” is to be written have run out, program verify “a™', a” is
skipped (S318 to S320) and program and program verify “b™
(8316, S322) or program and program verify “b', c*', ¢
(8316 t0 S326) is repeated. When program and verify “a*', a"
(8316, S319) is skipped, the SDC is not used. Therefore, the
next program data can be inputted. However, there may be a
cell where data “1” is difficult to write into the memory cell.
Therefore, the number of times of program verify “a*, a"” is
limited.

(Read Operation)

A read operation is the same as in the first embodiment.

(Erase)

In an erase operation, an address is specified first, thereby
selecting a block shown by a broken line in FIG. 3 as
described earlier. Next, the potential of a well where the cell
is formed is raised to a high voltage (about 20 V), the word
line of the selected block is set to Vss, and the word lines of
the unselected blocks are made floating. Then, a high voltage
is applied between the cell of the selected block and the well,
which erases the data stored in the cell. On the other hand, in
the unselected blocks, since the word lines are in the floating
state, when the well is raised to a high voltage, the word lines
are also raised to a high voltage. As a result, the data stored in
the memory cells in the unselected blocks are not erased.

(11}

10

15

20

25

30

35

40

45

50

55

60

65

38

After an erase operation, the data in the memory cell
becomes “0”. Even if either the first or the second page read
operation is carried out, data “1” is outputted.

(Write After Erase)

FIG. 33E shows an example of the threshold voltages after
an erase operation. As described above, since the data in a
plurality of memory cells in a block is erased simultaneously,
there may be a case where even a voltage lower than the
threshold voltage shown in FIG. 33 A has been erased. When
there is a memory cell where even a voltage lower than the
original threshold voltage has been erased, the threshold volt-
age varying range becomes larger in writing data “1” into the
memory cell having data “0” in an upper page (e.g., second
page) program. As a result, the threshold voltage of the
adjoining cells varies as a result of the coupling between their
floating gates.

To prevent the threshold voltage of the adjoining cells from
varying, slight writing is done after an erase operation as
shown in FIG. 33F, thereby returning the threshold voltage of
the cell where even a voltage lower than the original threshold
voltage has been erased to the original threshold voltage.

In a write after erase operation, the PDCs of all of the data
storage circuits are set to the low level. Thereafter, the cells
connected to two bit lines BLE and BLO connected to a data
storage circuit are written into simultaneously. In a write
verify operation, one of the two bit lines is written into at a
time. Since it takes time to verify all of the cells in the block,
all of the word lines are set to the same potential and one
NAND cell is verified simultaneously. When a write after
erase operation has been completed on one of the bits lines,
the PDC is made high, preventing the next program from
being executed. Similarly, a verify operation is carried out on
the other bit line. The write and verify operation is repeated
until the data in all of the data storage circuits has become
high.

With the fourth embodiment, in the middle of the second
page write verify operation, the word line potential is changed
in the order of threshold voltages “b', ¢*', ¢™ in charging the
bit line once, thereby verifying the threshold voltages “b', ¢*',
¢” simultaneously. This enables a high-speed verify opera-
tion, which makes a high-speed write operation possible.

Inaddition, while data “3” is being written into the memory
cell, when a verify potential a little lower than the original
verify potential has been exceeded, an intermediate potential
is applied to the bit line and the writing is done. This makes it
possible to narrow the distribution of threshold voltages writ-
ten in the memory cell. Therefore, the step-up width of the
write voltage can be made greater, which enables the overall
write time to be shortened and therefore a write operation to
be carried out at higher speed.

Specifically, in a write operation, when it is verified
whether the memory cell has reached the threshold voltage of
data “3”, the verify operation is carried out using a verify
potential “c*" lower than the original verify potential “c"”. If
the lower verify potential “c*" has been exceeded and the
write operation has not been completed with the original
verify potential “c"™, the DDC, PDC, SDC in the data storage
circuit have the data in writing data “2”. Therefore, in the next
write operation, the intermediate potential is supplied to the
bit line, thereby making the write speed slower. Thereafter,
since the memory skips a verify operation in verifying data
“27, the writing of the cell is completed. Therefore, the dis-
tribution of threshold voltages written in the memory cell can
be made narrower.

Moreover, since a data storage circuit for distinguishing
between a memory cell where a verify potential lower than
the original verify potential has been exceeded and a memory
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cell where the original verify potential has been exceeded is
not needed, an increase in the circuit configuration can be
prevented.

Fifth Embodiment

In the fourth embodiment, the second page has been writ-
ten into as follows. As for the cells into which data “3” is to be
written, an intermediate potential is supplied to a cell where a
verify potential “c*" lower than the original verify potential
“c” is exceeded and writing is done once. Then, the write
operation is completed. As for the cells into which data “1” is
to be written, the intermediate potential is supplied to a cell
where a verify potential “a*” lower than the original verify
potential “a”™ is exceeded. Then, the write operation is
repeated until the original verify potential “a”™ has been
reached. Therefore, the operation differs a little, depending
on the data to be written.

In contrast, in a fiftth embodiment of the present invention,
a cell into which data “1” is to be written is written into in the
same manner as a cell into which data “3” is to be written.
Specifically, the intermediate potential is supplied to a cell
where a verify potential “a*” lower than the original verify
potential “a"™ is exceeded and writing is done once. Then, the
write operation is completed. In addition, when the first page
is written into, the intermediate potential is supplied to a cell
where a verify potential “v*” lower than the original verify
potential “v" is exceeded and writing is done once. Then, the
write operation is completed.

Hereinafter, these operations will be explained concretely
by reference to FIGS. 39 to 43.

(First Page Write Operation)

First, a first page write operation will be explained. A first
page program operation and a program verify operation are
the same as in the modification of the first embodiment of
FIG. 8. However, as shown in FIG. 39A, in a program verify
operation, “1” is set in the DDC of a cell where the verify
potential “v*"* lower than the original verity potential “v"” is
exceeded. In the next program, if the PDC has “0” and the
DDC has “17, the intermediate potential (e.g. 1 V) is supplied
to the bit line and writing is done.

Since the TDC is composed of a capacitor, the data in the
DDC is transferred to the TDC, the data in the PDC is trans-
ferred to the DDC, and the data in the TDC is transferred to
the PDC in the write recovery operation as shown in FIG. 39B
(after data refresh 1).

Furthermore, as shown in FIG. 39C (after data refresh 2),
the data in the DDC is transferred to the TDC, the data in the
PDC is transferred to the DDC, and the data in the TDC is
transferred to the PDC, thereby refreshing the data in the
DDC. However, in the operation of FIG. 39C, when the data
in the DDC is transferred to the TDC, if the data in the DDC
(1: writing unselected, O: writing) is transferred without reset-
ting the value in the TDC (verify potential “a*"” is
exceeded—1) shown in FIG. 39B, the TDC has “1” even
when the verify potential “a*” is exceeded. Thus, the PDC
indicates that writing is unselected. Accordingly, when the
verify potential “a*"’ is exceeded, the intermediate potential
is supplied to the bit line only once and is then programmed.

(Second Page Write Operation)

In asecond page write operation, the intermediate potential
is supplied to a cell where a verify potential “a*"” lower than
original verify potential “a". Then, writing is done only once
and the write operation is completed.

A program verity operation is the same as in FIG. 35. In a
program verify operation, as shown in FIG. 40, the DDC is set
to “1” in a cell where a verify potential “a*"”’ lower than the
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original verify potential “a™ is exceeded. When the PDC has
“0” and the DDC has “1” in the next program, the intermedi-
ate potential is supplied to the bit line and writing is done.
Thus, after the intermediate potential is supplied to the bitline
and writing is done once, the PDC is set to “1””. Then, the write
operation is completed.

Hereinafter, the operation will be explained concretely.

In the middle of programming, the signal BLCLAMP is
made low, thereby disconnecting the PDC and the DDC from
the bit line. Since the bit line has a large capacitance, the write
operation is continued even when the PDC and DDC are
disconnected from the bit line.

Thereafter, the signal BLPRE is made high, the signal
VPRE is made high, and the TDC is set to the high level.
Furthermore, the signal REG is made high and the signal
VREG is made low. If the DDC has “17, the TDC is set to the
low level. If the DDC has “07, the TDC is kept at the high
level. In this state, the data in the TDC is transferred to the
PDC. At the same time, the DTG is set high, causing both the
DDC and the PDC to hold the same data as shown in FIG.
41A.

Next, the signal BLC2 is made high, thereby transferring
the data in the SDC to the TDC. Then, the signal REG is made
high and the signal VREG is set to Vss. In this state, if the
DDC has “17, the TDC is forced to go low and then the data
in TDC is transferred to the PDC (FIG. 41B).

Thereafter, the signal BLPRE is made high, the signal
VPRE is made high, and the TDC is set to the high level.
Furthermore, the signal REG is made high and the signal
VREG is made low. If the DDC has “17, the TDC is set to the
low level. If the DDC has “07, the TDC is kept at the high
level. After the signal DTG is set to “1”, thereby transferring
the data in the PDC to the DDC, the data in the TDC is
transferred to the PDC (FIG. 42A).

Next, after the signal BLPRE is made high and the signal
VPRE is made high, thereby setting the TDC to the high level,
the signal BLCLLAMP is set to a specific voltage. Then, if the
bit line is at the low level (“0”) or the intermediate potential,
the TDC is at the low level. If the bit high is at the high level,
the TDCis at the high level. Thereafter, the signal VREG is set
to Vdd and the signal REG is set high. Then, if the DDC is at
the high level, the TDC is forced to go high. Thereafter, the
data in the PDC is transferred to the DDC and the data in the
TDC to the PDC. The data in the DDC is the originally held
data. However, the PDC goes high, if the DDC is at the high
level, and the SDC is at the high level, that is, if the verify
potential “a*"” lower than the original verify potential “a™ is
exceeded, that is, indicates that writing is unselected. There-
fore, if the verify potential “a*" is exceeded, the bit line is set
to the intermediate potential only once and programming is
done (FIG. 42B).

With the fifth embodiment, in a second page write opera-
tion, data can be written by the same writing method into a
cell into which data “1” is to be written and a cell into which
data “0” is to be written. Specifically, the intermediate poten-
tial is supplied to a cell where the verity potential “a*" lower
than the original verify potential “a" is exceeded and writing
is done only once. Then, the write operation is completed.
Therefore, a higher-speed write operation can be realized.

Furthermore, in a first page data write operation, too, the
intermediate potential is supplied to a cell where the verify
potential “v*"* lower than the original verity potential “v"” is
exceeded and writing is done only once. Then, the write
operation is completed. Therefore, a still higher-speed write
operation can be realized.
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Sixth Embodiment

Next, a sixth embodiment of the present invention will be
explained by reference to FIGS. 43 to 52.

In the sixth embodiment, the configuration of the memory
cell array and the arrangement of data storage circuits are the
same as those in the second and third embodiments. In the
sixth embodiment, 8-valued (3 bits of) data is stored in a
memory cell.

The relationship between data to be written and the thresh-
old voltages of a memory cell shown in FIGS. 43 A, 43B,43C
and FIGS. 44 A and 44B are the same as in FIGS. 20A, 20B,
20C and FIGS. 21A and 21B. In addition, a first page and a
second page program operation are almost the same as those
in the fourth embodiment. Specifically, in a first page and a
second page program operation, when it is verified whether
the data in the memory cell has reached the original threshold
voltage, the verification is made using a verify potential lower
than usual. The sixth embodiment differs from the fourth
embodiment in a third page program operation.

(Third Page Program)

FIGS. 45 and 46 are flowcharts for a third page program
operation. In a third page program operation, an address is
specified first, thereby selecting three pages shown in FIG.
19.

Next, the data storage circuits 10 are reset (S351) and
writing data is externally inputted into the SDCs of all of the
data storage circuits 10 (S352). If data “1” is externally input-
ted (if no writing is done), the SDC in the data storage circuit
10 of FIG. 6 goes low. If data “0” is externally inputted (if
writing is done), the SDG goes high.

In the third page program operation, as shown in FIG. 44B,
when the data in the memory cell is “0” and when the exter-
nally inputted data is “1”, the data in the memory cell is kept
at“0”. When the externally inputted data is “0”, the data in the
memory cell is set to “1”.

When the data in the memory cell is “2” and when the
externally inputted data is “17, the data in the memory cell
remains at “2”. However, in a second page write operation,
when it is verified whether the data in the memory cell has
reached “2”, a verify potential “b*"” lower than the original
one is used. For this reason, a memory cell storing data “2” is
written into to the original verify potential “b”. When the data
in the memory cell is “2” and when the externally inputted
data is “0”, the data in the memory cell is set to “3”.

When the data in the memory cell is “4” and when the
externally inputted data is “17, the data in the memory cell
remains at “4”. However, in a second page write operation,
when it is verified whether the data in the memory cell has
reached “4”, a verity potential “d*"” lower than the original
one is used. For this reason, a memory cell storing data “4” is
written into to the original verify potential “d”’. When the data
in the memory cell is “4” and when the externally inputted
data is “0”, the data in the memory cell is set to “5”.

When the data in the memory cell is “6” and when the
externally inputted data is “17, the data in the memory cell
remains at “6”. However, in a second page write operation,
when it is verified whether the data in the memory cell has
reached “6”, a verify potential “f*"* lower than the original
one is used. For this reason, a memory cell storing data “6” is
written into to the original verify potential “f"”. When the data
in the memory cell is “6” and when the externally inputted
data is “0”, the data in the memory cell is set to “7”.

In the sixth embodiment, writing is done in this way. How-
ever, the data to be written and read and the data in the
memory cell may be dealt with as shown in the second and
third embodiments.
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Furthermore, when data “3”, “5”, ““7”” are written into a cell,
a verify operation is carried out using a threshold voltage
lower than the original verify potential. When the threshold
voltage has been exceeded and when the write operation has
not been completed using the original verity potential, an
intermediate potential is supplied to the bit line in the next
write operation, thereby making the write speed slower. Then,
writing is done once and the write operation is completed. In
a cell where the original verify potential has been exceeded,
the write operation is ended at that time.

In addition, when data “1” is written into a memory cell, a
verify operation is carried out using a verify voltage lower
than the original verify potential. When the verify potential
lower than the original verify potential has been exceeded, the
intermediate potential is supplied to the bit line in the next and
later write operations, thereby making the write speed slower.
Then, the cell is written into until the original verify potential
has been exceeded.

(Third Page First-Session Program)

In a third page program operation, data “1” to “7” are
written into a memory cell. These data items can be pro-
grammed simultaneously. However, in the sixth embodiment,
four data “4” to ““7”” are written into a memory cell first. Then,
data “1” to ““3” are written into the memory cell. Thereinafter,
these operations will be explained concretely.

First, the data storage circuits are reset and data is exter-
nally loaded into the SDCs of the data storage circuits (FIG.
45, S351, S352).

(Internal Data Read 1 and Data Cache Setting 1) (S353,
S354)

Before data is written into the memory cell, it is determined
whether the data in the second page memory cell is either “4”
or “6” or either “0” or “2”, whether the data in the memory
cellis “6”, and whether the data in the memory cell is any one
of “0”, “2”, and “4”. To do this, the word line potential is set
to “d*” and “f*” in that order. Then, the data written in the
memory cell is read and set in the data cache.

FIG. 47A shows the state of the data cache after the internal
read operation. Thereafter, the data cache is operated to set the
data cache as shown in FIG. 47B. Then, for example, the
counter (PC) is initialized to zero and the data in the fifth flag
cell is loaded.

InFIG. 47B, to set the data in the memory cell at “0” to “3,”
the PDC is set at the high level (“17). To set the data in the
memory cell at “4”; the PDC is set at the low level (“0”), the
DDC is set high, and the SDC is set high. To set the data in the
memory cell at “5”, the PDC is set low, the DDC is set low,
and the SDC is set high. To set the data in the memory cell at
“6”, the PDC is set low, the DDC is set high, and the SDC is
set low. To set the data in the memory cell at “7”, each of the
PDC, DDC, and SDC is set low.

(Program: First Session) (S355)

After the counter (PC) is counted up, data is written into the
memory cell. As in the second embodiment, in the sixth
embodiment, unnecessary verify operations are skipped
using the value of the counter and a predetermined number of
verify starts.

First, when the signal BL.C1 is set at Vsg, if the PDC has
data “0”, the bit line is at V'ss. If the PDC has data <17, the bit
line is at Vdd. Next, after the signal BLC1 is set at Vss, the
signal VREG is set at Vdd and the signal REG is set at the
intermediate potential (e.g., 1 V+Vth). Then, if the DDC has
data “17, the bit line is at the intermediate potential. If the
DDC has data “0”, the bit line is not precharged. As a result,
only when data “5”, “7” have been written in the memory cell,
the bit line is at Vss. When data “4”, “6” have written in the
memory cell, the bit line is at the intermediate potential (e.g.,
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1V). If the data in the memory cell is “0” to “3” (if no writing
is done), the bit line is at Vdd. Here, the selected word line is
set at Vpgm and the unselected word line is set at Vpass. [fthe
bit line is at Vdd, no writing is done. If the bit line is at Vss,
writing is done. If the bit line is at the intermediate potential
(e.g., 1 V), writing is done a little. Accordingly, a memory cell
in which data “4”, “6” have been written might be written into
insufficiently. However, since data “4” and data “5” in the
memory cell are verified simultaneously and data “6” and
data “7” in the memory cell are verified simultaneously, the
write time ends earlier when they are written as simulta-
neously as possible. Therefore, the intermediate potential is
supplied to the bit line.

(Verification Using Only “d") (S356 to S358, FIG. 48A)

Thereafter, the verify voltage “d" is set and a write verify
operation is carried out. First, when the signal BL.C2 is made
high Vdd+Vth and the signal BLCLAMP is set to a specific
potential, the bit line is precharged. At this time, what is
precharged is only a memory cell whose SDC is at the high
level, that is, a memory cell in which data “5”, “4” have been
written.

Next, the verify potential “d" is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the data in the DDC is transferred to the TDC.
Thereafter, the data in the PDC is transferred to the DDC and
the data in the TDC is transferred to the PDC. Then, the TDC
is charged to Vdd. Thereafter, the signal BLCLAMP is set to
a specific potential. Then, it is when data “4” and data “5”
have been written in the memory cell and the threshold volt-
age has become equal to or higher than the verify potential
“d"” that the TDC goes high. Thereafter, the signal BLC1 is set
to the intermediate potential (Vth+0.5V). When the PDC is at
the low level or when data “5” has been written in the memory
cell, the TDC goes low. Therefore, it is when data “4” has
been written in the memory cell and the threshold voltage has
become equal to or higher than the verify potential “d"™ that
the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “4”
has been written in the memory cell and the verify potential
“d"” has been reached, or when writing is unselected that the
TDC goes to Vdd. Then, the signal DTG is set to Vsg and the
data in the PDC is copied into the DDC. Thereafter, the signal
BLC1 is set to Vsg and the potential of the TDC is loaded into
the PDC.

(Simultaneous Verification Using “d", “e*”, “e"”) (S359 to
S361, FIG. 48B)

As the program is repeated several times, the writing of
data “5” into the memory cell is getting closer to completion.
Therefore, a verify operation using the verify potential “e™ is
carried out. In this verify operation, verifications are made
using “d"™, “e*", and “e" simultaneously.

First, the signal BLC2 is set to the high level and the signal
BLCLAMP is set to a specific potential, thereby precharging
the bit line. At this time, what is precharged is only a memory
cell whose SDC is at the high level, that is, a memory cell in
which data “57, “4” have been written.

Next, the verify potential “d" is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the data in the DDC is transferred to the TDC.
Thereafter, the data in the PDC is transferred to the DDC and
the data in the TDC is transferred to the PDC. Then, after the
TDC is charged to Vdd, the signal BLCLAMP is set to a
specific potential. Then, it is when data “4” and “5” have been
written in the memory cell and the threshold voltage is equal
to or higher than the verify potential “d” that the TDC goes
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high. Thereafter, the signal BLC1 is set to the intermediate
potential (Vth+0.5 V). When the PDC is at the low level, if
data ““5”” has been written in the memory cell, the TDC goes
low. Therefore, it is when data “4” has been written in the
memory cell and the threshold voltage becomes equal to or
higher than the verity potential “d™ that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “4”
has been written in the memory cell and the verify potential
“d"” has been reached or when writing is unselected that the
TDC goes to Vdd. After the signal DTG is set to Vsg and the
datainthe PDC is copied into the DDC, the signal BLC1 is set
to Vsg and the potential of the TDC is loaded into the PDC.

Thereafter, the verify potential “e*"” is supplied to the word
line and the bit line is discharged. Then, the TDC is charged
to Vdd. Thereafter, the signal BLCLLAMP is set to the specific
potential. Thus, it is when the threshold voltage of the cell is
equal to or higher than the verify potential “e*"’ that the TDC
goes high. That is, it is when data “5” has been written in the
memory cell and the verify potential “e*” has been reached
that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “5”
has been written in the memory cell and the verify potential
“e*"” has been reached or when data “07, “2”, “4”, “6” have
been written in the memory cell that the TDC goes to Vdd.
After the signal DTG is set to Vsg and the data in the PDC is
copied into the DDC, the signal BLC1 is set to Vsg and the
potential of the TDC is loaded into the PDC.

Thereafter, the verify potential “e™ is supplied to the word
line and the bit line is discharged. Then, the TDC is charged
to Vdd. Thereafter, the signal BLCLLAMP is set to the specific
potential. Thus, it is when the threshold voltage of the cell is
equal to or higher than the verify potential “e"” that the TDC
goes high. That is, it is when data “5” has been written in the
memory cell and the verify potential “e” has been reached
that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “5”
has been written in the memory cell and the verify potential
“e” has been reached or when writing is unselected that the
TDC goes to Vdd. After the signal DTG is set to Vsg and the
datainthe PDC is copied into the DDC, the signal BLC1 is set
to Vsg and the potential of the TDC is loaded into the PDC.

When data “5” has been written in the memory cell, the
verify potential “e*"” has been reached, and the write opera-
tion has not been completed in the verification using the
verify potential “e'”, the data in the data storage circuit is as
follows: SDC=*1", DDC=“1", and PDC=“0". This is the
same as the data in the data storage circuit when data “4” has
been written in the memory cell. Specifically, when data “5”
has been written in the memory cell and the verify potential
“e*” has been reached, data “4” is being written into the
memory cell. When data “4” is being written into the memory
cell, the intermediate potential is supplied to the bit line.
Therefore, in the next write operation, the memory cell is
written a little. In the next simultaneous verification using
“d™, “e*”, “e™, this cell never fails to skip the verify opera-
tion, because the threshold voltage of the cell is equal to or
higher than “e*” in a verify operation using “d”. Thus, a
second and later write operations will not be carried out.

(Verify Operation Using Only the Verify Potential “f”’)
(S362 to S364, FIG. 49A)
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In a verity operation using only the verify potential “f™’, the
signal VPRE is made high, the signal BLPRE is set to Vdd+
Vth, and the signal BLCLAMP is set to a specific potential,
thereby precharging the bit line.

Next, the verify potential “™ is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the data in the DDC is transferred to the TDC.
Thereafter, the data in the PDC is transferred to the DDC and
the data in the TDC is transferred to the PDC. Then, the TDC
is charged to Vdd. Thereafter, the signal BLCLAMP is set to
a specific potential. Then, it is when data “6” and data “7”
have been written in the memory cell and the threshold volt-
age has become equal to or higher than the verify potential
“f””that the TDC goes high. Thereafter, the signal BLC1 is set
to the intermediate potential (Vth+0.5V). When the PDC is at
the low level or when data “7” has been written in the memory
cell, the TDC goes low. Therefore, it is when data “6” has
been written in the memory cell and the threshold voltage has
become equal to or higher than the verify potential “f”’ that
the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “6
has been written in the memory cell and the verify potential
“f” has been reached, or when writing is unselected that the
TDC goes to Vdd. Then, the signal DTG is set to Vsg and the
data in the PDC is copied into the DDC. Thereafter, the signal
BLC1 is set to Vsg and the potential of the TDC is loaded into
the PDC.

(Simultaneous Verify Using “f™, “g*", “g") (8365, S366,
FIG. 49B)

As the program is repeated several times, the writing of
data “7” into the memory cell is getting closer to completion.
Therefore, a verify operation using the verify potential “g" is
carried out. In this verify operation, verifications are made
using “f™’, “g*"”, and “g"” simultaneously.

First, the signal VPRE is set to the high level, the signal
BLPRE is set to Vdd+Vth, and the signal BLCLLAMP is set to
a specific potential. Then, the bit line is precharged.

Next, the verify potential “™ is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the data in the DDC is transferred to the TDC.
Thereafter, the data in the PDC is transferred to the DDC and
the data in the TDC is transferred to the PDC. Then, the TDC
is charged to Vdd. Thereafter, the signal BLCLAMP is set to
a specific potential. Then, it is when data “6” and “7” have
been written in the memory cell and the threshold voltage is
equal to or higher than the verify potential “f” that the TDC
goes high. Thereafter, the signal BLC1 is set to the interme-
diate potential (Vth+0.5V). When the PDC is at the low level,
if data “7” has been written in the memory cell, the TDC goes
low. Therefore, it is when data “6” has been written in the
memory cell and the threshold voltage becomes equal to or
higher than the verify potential “f”’ that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “6
has been written in the memory cell and the verify potential
“f”” has been reached or when writing is unselected that the
TDC goes to Vdd. After the signal DTG is set to Vsg and the
data in the PDC is copied into the DDC, the signal BLC1 is set
to Vsg and the potential of the TDC is loaded into the PDC.

Thereafter, the verify potential “g*"”is supplied to the word
line and the bit line is discharged. Then, the TDC is charged
to Vdd. Thereafter, the signal BLCLLAMP is set to the specific
potential. Thus, it is when the threshold voltage of the cell is
equal to or higher than the verify potential “g*"’ that the TDC
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goes high. That is, it is when data “7”” has been written in the
memory cell and the verify potential “g*"” has been reached
that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “7”
has been written in the memory cell and the verify potential
“g*" has been reached or when data “0”, “2”, “4”, “6” have
been written in the memory cell that the TDC goes to Vdd.
After the signal DTG is set to Vsg and the data in the PDC is
copied into the DDC, the signal BLC1 is set to Vsg and the
potential of the TDC is loaded into the PDC.

Thereafter, the verify potential “g™ is supplied to the word
line and the bit line is discharged. Then, the TDC is charged
to Vdd. Thereafter, the signal BLCLLAMP is set to the specific
potential. Thus, it is when the threshold voltage of the cell is
equal to or higher than the verify potential “g" that the TDC
goes high. That is, it is when data “7”” has been written in the
memory cell and the verify potential “g™ has been reached
that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “7”
has been written in the memory cell and the verify potential
“g" has been reached or when writing is unselected that the
TDC goes to Vdd. After the signal DTG is set to Vsg and the
datainthe PDC is copied into the DDC, the signal BLC1 is set
to Vsg and the potential of the TDC is loaded into the PDC.

When data “7” has been written in the memory cell, the
verify potential “g*” has been reached, and the write opera-
tion has not been completed in the verification using the
verify potential “g™, the data in the data storage circuit is as
follows: SDC=*0", DDC=“1", and PDC=“0". This is the
same as the data in the data storage circuit when data “6” has
been written in the memory cell. Specifically, when data “7”
has been written in the memory cell and the verify potential
“g*"” has been reached, data “6” is being written into the
memory cell. When data “6” is being written into the memory
cell, the intermediate potential is supplied to the bit line.
Therefore, in the next write operation, the memory cell is
written a little. In the next simultaneous verification using
“fr?, R «g™ this cell never fails to skip the verify opera-
tion, because the threshold voltage of the cell is equal to or
higher than “g*” in a verify operation using “f"”. Thus, a
second and later write operations will not be carried out.

In this way, the program and verify operation is repeated
until the data in all of the PDCs has become “1”° (S367, S368).
However, when the data in the DDC is “1” in a write opera-
tion, that is, when data “4” has been written in the memory
cell, when data “6” has been written in the memory cell, when
data “5” has been written in the memory cell and the verify
potential “e*"” has been exceeded, or when data “7”” has been
written in the memory cell and the verify potential “g*" has
been exceeded, the bit line is set to the intermediate potential
and a write operation is carried out. Each time the program
and verify operation is repeated, the program voltage Vpgm is
raised little by little. In this way, in the first-session program,
four data “4” to ““7” are written into the memory cell.

In the above explanation, after the first-session program,
four verify operations are carried out. In the initial loop of the
program, the threshold voltage does not rise. Thus, only a
verify operation using the verify potentials “d" is carried out
at first. Next, a simultaneous verify operation using the verify
potentials “d"™, “e*", “e™ is carried out. Then, a simultaneous
verify operation using the verify potentials “d"’, “e*"”, “e™
and a verify operation using only “f” are carried out. Finally,
a simultaneous verify operation using the verify potentials
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“d”, “e*”, “e” and a simultaneous verify operation using the
verify potentials “f", “g*"”, “g” may be carried out.

In aloop close to the end of the program, since the writing
of'data “4” and “5” into the memory cell has been completed,
the simultaneous verify operations using the verify potentials
“d™, “e*”, “e"” may be omitted and finally only a simulta-
neous verify operation using “f”, “g*"’, “g” may be carried
out.

(Second-Session Program)

In a second-session program, three data “1” to “3” are
written into the memory cell. A memory cell into which data
“1” is to be written has not been written into at all. Therefore,
as in the first embodiment, a verify potential “a*"” lower than
the original verify potential is provided. The intermediate
potential is supplied to the bit line of a cell whose threshold
voltage has exceeded the verify potential “a*"”. This makes
the write speed slower and the threshold value distribution
narrower. Since data “2” and data “3” are verified simulta-
neously, the write time ends earlier when they are written as
simultaneously as possible. Therefore, even when data “2” is
being written into the memory cell, the intermediate potential
is supplied to the bit line, thereby making the write speed
slower.

(Internal Data Read 2 and Data Cache Setting 2) (S369,
S370, FIG. 50)

Before data is written into the memory cell, the word line
potential is set to “b* (=a)” and “d*” in that order and an
internal read operation is carried out.

Thereafter, the data cache is operated to set the data cache
as shown in FIG. 50A (S110). Specifically, to write data “0”
into the memory cell, the PDC is set at “1”, the DDC is set at
“1”, and the SDC is set at “1”. To write data “1” into the
memory cell, the PDC is set at “0”, the DDC is set at “0”/“1”,
and the SDC is set at “1”. To write data “2” into the memory
cell, the PDC is set at “0”, the DDC is set at “1”, and the SDC
is set at “0”. To write data “3” into the memory cell, the PDC
is set at “0”, the DDC is set at “0”, and the SDC is set at “0”.
To write data “4” to “7” into the memory cell, the PDC is
always set at “1”.

(Program: Second Session) (S371)

Here, for example, the counter (PC) is initialized to zero.

Next, for example, after the counter (PC) is counted up,
data is written into the memory cell. First, when the signal
BLC1 is set at the intermediate potential (Vdd+Vth), if the
PDC has data “0”, the bit line is at Vss. If the PDC has data
“17, the bit line is at Vdd. Next, after the signal BL.C1 is set at
Vss, the signal VREG is set at Vdd and the signal REG is set
atthe intermediate potential (e.g., 1 V+Vth). Then, ifthe DDC
has data “17, the bit line is at the intermediate potential (e.g.,
1V). If the DDC has data “0”, the bit line is not precharged.
As aresult, when data “3” has been written in the memory cell
or when data “1” has been written in the memory cell and the
threshold voltage is equal to or lower than the verify potential
“a*" lower than the original verify potential, the bit line is at
Vss. When data “2” has been written in the memory cell,
when data “1” has been written in the memory cell and the
threshold voltage has exceeded the verify potential “a*"
lower than the original potential, or when the bit line is at the
intermediate potential (1V) and the data in the memory cell is
“07, “4” to *““7”” (when no writing is done), the bitline is at Vdd.
Here, the selected word line is set at Vpgm and the unselected
word line is set at Vpass. If the bit line is at Vdd, no writing is
done. If the bit line is at V'ss, writing is done. If the bit line is
at the intermediate potential (1 V), writing is done a little.
Since verify operations in writing data “2” and data “3” into
the memory cell are carried out simultaneously, the write time
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ends earlier when they are written as simultaneously as pos-
sible. Therefore, the intermediate potential is supplied to the
bit line.

(Verification Using “a', a*"") (S372 to S374, FIG. 50B)

Inaverify operation using the verify potentials “a', a*"”, the
signal VPRE is made high, the signal BLPRE is set to Vdd+
Vith, and the signal BLCLAMP is set to a specific potential.
Then, the bit line is precharged. Next, the verify potential
“a*" is supplied to the word line, thereby discharging the bit
line.

Then, the TDC is charged to Vdd. Thereafter, the signal
BLCLAMP is set to a specific potential. Then, it is when the
threshold voltage of the cell is equal to or higher than the
verify potential “a*" that the TDC goes high. Next, the signal
BLC2 is set to the intermediate potential (Vth+0.5 V). When
the SDC is at the low level, the TDC goes low. Therefore, it is
when data “1” has been written in the memory cell and the
verify potential “a*" has been reached that the TDC goes
high. Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “1”
has been written in the memory cell and the verify potential
“a*"” has been reached or when data “07, “2”, “4”, “6” have
been written in the memory cell that the TDC goes to Vdd.
After the signal DTG is set to Vsg and the data in the PDC is
copied into the DDC, the signal BLC1 is set to Vsg and the
potential of the TDC is loaded into the PDC.

Thereafter, the verify potential “a” is supplied to the word
line and the bit line is discharged. Then, the TDC is charged
to Vdd. Thereafter, the signal BLCLLAMP is set to the specific
potential. Thus, it is when the threshold voltage of the cell is
equal to or higher than the verify potential “a" that the TDC
goes high. Next, when the signal BLC2 is set to the interme-
diate potential (Vth+0.5 V), if the SDC is at the low level
(“0™), the TDC goes to the high level (“1”). That is, it is when
data “1” has been written in the memory cell and the verify
potential “a” has been reached that the TDC goes high. Next,
when the signal VREG is made high and the signal REG is set
to Vsg, if the data in the DDC is at the high level, the TDC is
forced to go high. Therefore, it is when data “1” has been
written in the memory cell and the verify potential “a™ has
been reached or when writing is unselected that the TDC goes
to Vdd. After the signal DTG is set to Vsg and the data in the
PDC s copied into the DDC, the signal BLC1 is setto Vsgand
the potential of the TDC is loaded into the PDC (FIG. 51).

(Verify Potential “b™) (S375 to S377, FIG. 51B)

Inaverity operation using only the verify potential “b", the
signal VPRE is made high, the signal BLPRE is set to Vdd+
Vith, and the signal BLCLAMP is set to a specific potential,
thereby precharging the bit line.

Next, the verify potential “b"’ is supplied to the word line,
thereby discharging the bit line. While the bit line is being
discharged, the data in the DDC is transferred to the TDC, the
data in the PDC is transferred to the DDC, and the data in the
TDC is transferred to the PDC. Furthermore, while the bit line
is being discharged, the signal VREG is set to Vss, the signal
REG is set to Vdd, and the signal BLCLAMP is set to a
specific voltage. If the DDC is at the high level (“1”), that is,
if writing is unselected, the bit line is forced to go low.
Thereafter, the TDC is charged to Vdd. Then, the signal
BLCLAMP is set to a specific potential. Therefore, the data in
the memory cell has become equal to or higher than the verify
potential “b™ that the TDC goes high. Thereafter, the signal
BLC1 is set to the intermediate potential (Vth+0.5 V). When
the PDC is at the low level or when data “3” has been written
in the memory cell, the TDC goes low. Therefore, it is when
data “2” has been written in the memory cell and the threshold
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voltage has become equal to or higher than the verify poten-
tial “b™ that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “2”
has been written in the memory cell and the verify potential
“b" has been reached, or when writing is unselected that the
TDC goes to Vdd. Then, the signal DTG is set to Vsg and the
data in the PDC is copied into the DDC. Thereafter, the signal
BLC1 is set to Vsg and the potential of the TDC is loaded into
the PDC.

(Simultaneous Verification using “b", “c*", “c™) (S378,
S379, FIG. 52)

As the program is repeated several times, the writing of
data “2” into the memory cell is getting closer to completion.
Therefore, a verify operation using the verify potential “c™ is
carried out. In this verify operation, verifications are made
using “b"™’, “c*", and “c™ simultaneously.

First, the signal VPRE is set to the high level, the signal
BLPRE is set to Vdd+Vth, and the signal BLCLLAMP is set to
a specific potential. Then, the bit line is precharged. Next, the
verify potential “b" is supplied to the word line, thereby
discharging the bit line. While the bit line is being discharged,
the data in the DDC is transferred to the TDC, the data in the
PDC is transferred to the DDC, and the data in the TDC is
transferred to the PDC. Furthermore, while the bit line is
being discharged, the signal VREG is set to Vss, the signal
REG is set to Vdd, and the signal BLCLAMP is set to a
specific voltage. When the DDC has “17, that is, when writing
is unselected, the bit line is forced to go low. Thereafter, the
TDC is charged to Vdd. Then, the signal BLCLAMP is set to
a specific potential. Therefore, it is when data “2” has been
written in the memory cell and the threshold voltage is equal
to or higher than the verify potential “b"™ that the TDC goes
high. Thereafter, the signal BLC1 is set to the intermediate
potential (Vth+0.5 V). When the PDC is at the low level, that
is, when data “3” has been written in the memory cell, the
TDC goes low. Therefore, it is when data “2” has been written
in the memory cell and the threshold voltage is equal to or
higher than the verify potential “b™ that the TDC goes high.

Thereafter, the verify potential “c*” is supplied to the word
line, thereby discharging the bit line. Then, the TDC is
charged to Vdd. Thereafter, the signal BLCLAMP is set to a
specific potential. Then, it is when the threshold voltage of the
cellis equal to or higher than the verify potential “c*"’ that the
TDC goes high. That is, it is when data “3” has been written
in the memory cell and the verify potential “c*” has been
reached that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
the TDC is forced to go high. Therefore, it is when data “3”
has been written in the memory cell and the verify potential
“c*" has been reached or when data “07, “2”, “4”, “6” have
been written in the memory cell that the TDC goes to Vdd.
After the signal DTG is set to Vsg and the data in the PDC is
copied into the DDC, the signal BLC1 is set to Vsg and the
potential of the TDC is loaded into the PDC.

Thereafter, the verify potential “c" is supplied to the word
line and the bit line is discharged. Then, the TDC is charged
to Vdd. Thereafter, the signal BLCLLAMP is set to the specific
potential. Thus, it is when the threshold voltage of the cell is
equal to or higher than the verify potential “c" that the TDC
goes high. That is, it is when data “3” has been written in the
memory cell and the verify potential “c™ has been reached
that the TDC goes high.

Next, when the signal VREG is made high and the signal
REG is set to Vsg, if the data in the DDC is at the high level,
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the TDC is forced to go high. Therefore, it is when data “3”
has been written in the memory cell and the verify potential
“c"” has been reached or when writing is unselected that the
TDC goes to Vdd. After the signal DTG is set to Vsg and the
datainthe PDC is copied into the DDC, the signal BLC1 is set
to Vsg and the potential of the TDC is loaded into the PDC.

When data “3” has been written in the memory cell, the
verify potential “c*"” has been reached, and the write opera-
tion has not been completed in the verification using the
verify potential “g™, the data in the data storage circuit is as
follows: SDC=*0", DDC=“1", and PDC=“0". This is the
same as the data in the data storage circuit when data “2” has
been written in the memory cell. Specifically, when data “3”
has been written in the memory cell and the verify potential
“c*” has been reached, data “2” is being written into the
memory cell. When data “2” is being written into the memory
cell, the intermediate potential is supplied to the bit line.
Therefore, in the next write operation, the memory cell is
written a little. In the next simultaneous verification using
“b", “c* “c", this memory cell never fails to skip the verify
operation, because the threshold voltage of the cell is equal to
or higher than “c*" in a verify operation using “b"’. Thus, a
second and later write operations will not be carried out.

In this way, the program and verify operation is repeated
until the data in all of the PDCs has become “1”* (S380, S381).
However, when the data in the DDC is “1” in a write opera-
tion, that is, when data “1” has been written in the memory
cell, when data “3” has been written in the memory cell and
the verify potential “a*"”” has been exceeded, when data “2”
has been written in the memory cell, or when data “3” has
been written in the memory cell and the verify potential “c*"
has been exceeded, the bit line is set to the intermediate
potential and a write operation is carried out. Each time the
program and verify operation is repeated, the program volt-
age Vpgm is raised little by little. In this way, in the second-
session program, three data “1” to “3” are written into the
memory cell.

When the PDC is at the low level, the write operation is
carried out again. The program operation and the verify
operation are repeated until the data in the PDCs of all of the
data storage circuits has become high.

In the above explanation, after the first-session program,
two verify operations are carried out. In the initial loop of the
program, the threshold voltage does not rise. Thus, only a
verify operation using the verify potentials “a', a*” is carried
out at first. Next, a verify operation using the verify potentials
“a', a*" and a verify operation using the verify potential “b"
are carried out. Finally, a verify operation using the verify
potentials “a', a*"” and a simultaneous verify operation using
the verify potentials “b"™’, “c” may be carried out.

In aloop close to the end of the program, since the writing
of data “1” into the memory cell has been completed, these
verify operations may be omitted. When the verification of
data “1” in the memory cell is not necessary, the SDC need not
hold data. Therefore, the next writing data may be read from
the outside world and stored in the SDC. With this configu-
ration, a much higher-speed operation is possible.

(Read)

Since a read operation is almost the same as in the second
and third embodiments, its explanation will be omitted.

(Erase)

Since an erase operation is almost the same as in the first
and fourth embodiments, its explanation will be omitted.

With the sixth embodiment, when data ‘37, “57, “7” are
written into the memory cell in the third page program, a
verify operation is carried out using a threshold voltage lower
than the original verify potential. Then, when the verify
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potential lower than the original one has been exceeded and
when the write operation has not been completed with the
original verify potential, the intermediate potential is sup-
plied to the bit line to make the write speed slower in the next
write operation. In this state, the write operation is carried out
only once and then is completed. In a cell where the original
verify potential has been exceeded, the write operation is
ended at that time. Furthermore, when data “1” is written into
the memory cell, a verify operation is carried out using a
verify voltage lower than the original verify potential. When
the verify potential lower than the original one has been
exceeded, the intermediate potential is supplied to the bit line
in the next and later write operations to make the write speed
slower. Then, the writing is done until the original verity
potential has been exceeded. Consequently, 8-valued (3 bit
of) data can be written and read reliably at high speed.

Moreover, with the sixth embodiment, the distribution of
threshold voltages of a memory cell into which odd-num-
bered data “17, “3”, “5”, “7” are written can be made nar-
rower.

Seventh Embodiment

In the sixth embodiment, when the third page is written
into, data “4” to data “7” are written into the memory cell in
a first write operation and data “1” to data “3” are written into
the memory cell in a second write operation.

In contrast, in a seventh embodiment of the present inven-
tion, when the third page is written into, data “1” to data “7”
are written into the memory cell simultaneously. To achieve
this, the configuration of the data storage circuit 10 is modi-
fied slightly.

FIG. 53 shows a data storage circuit applied to the seventh
embodiment. In FIG. 53, the same parts are indicated by the
same reference numerals. As shown in FIG. 53, a secondary
dynamic data cache (SDDC) is added to the data storage
circuit 10. The SDDC stores the data of the SDC temporarily
and, together with the SDC, PDC, DDC, and TDC, stores
verify data. The SDDC, which has almost the same configu-
ration as that of the DDC, is composed of transistors 63a, 635.
One end of the current path of the transistor 63a is connected
to node N2b. A signal DTG2 is supplied to the gate of the
transistor 63a. The other end of the current path of the tran-
sistor 63a is connected to the gate of the transistor 635. A
signal VREG2 is supplied to one end of the current path of the
transistor 635. The other end of the current path of the tran-
sistor 635 is connected to one end of the current path of the
transistor 63¢. The other end of the current path of the tran-
sistor 63¢ is connected to node N3. A signal REG2 is supplied
to the gate of the transistor 63c.

With the above configuration, a three page write operation
using the data storage circuit 10 will be explained by refer-
ence to FIGS. 54, 55, 56 A, and 56B.

First, after the data storage circuit 10 is reset, writing data
is externally loaded into the SDC of the data storage circuit 10
(S401, S402). Thereatfter, an internal read operation is carried
out using the threshold voltages “a”, “d*”, “f*”, thereby read-
ing the data from the memory cell (S403).

FIG. 56 A shows the data cache setting after a third page
data load and internal read operation. Here, the data in the
SDC, DDC, and PDC are the same as in FIG. 47A. When data
“07, “1” have been written in the memory cell, the data in the
SDDC is setat “0”. When data “2” to “7”” have been written in
the memory cell, the data in the SDDC is set at “1”.

Next, each data cache is operated, with the result that data
is set in each data cache as shown in FIG. 56B (S404). Here,
the data in the SDDC is used to verify data 57, “4”, <17, “0”.
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The data in the SDC is used to verify data “3”, “27, “17, “0”.
The data in the DDC is used to verify data “7”, “5”, “3”, “1”.
As in the fifth embodiment, in the seventh embodiment, when
writing is done, if the PDC has “0”, the bit line potential is set
atVss. If the PDC has “1”, the bit line potential is set at Vdd.
Thereafter, if the DDC has “17, the bit line potential is set to
an intermediate potential (e.g., Vth+0.5 V) and a write opera-
tion is carried out (S405).

A verity operation is carried out, starting from the lowest
threshold voltage upward. Specifically, first, data “1” is veri-
fied using the verify potentials “a*'’, “a™ (S406 to S408).
Thereafter, data “2” is verified using the verify potential “b"
(S409 to S412). Next, data “2”, “3” are verified using the
verify potentials “b™, “c*", “c" (S413 to S415). Then, data
“4” is verified using the verify potential “d™ (S416 to S419).
Thereafter, data “4”, 5 are verified using the verify poten-
tials “d"™, “e*"’, “e” (S420 to S422). Next, data “6” is verified
using the verify potential “f”” (8423 to S426). Then, data “6”,
“7” are verified using the Venfy potentials “f, “g*"’ “g"™
(S427 to S429). This operation is repeated until the Venﬁca-
tion of each data has been completed (S430, S431).

In the above verify operation, in verifying data 3, “5”,
“7” in the memory cell, when the threshold voltage has
reached a threshold voltage lower than the original one and is
lower than the original threshold voltage, the data in the data
cache are set as in the memory cell, that is, data “27, “4”, “6”.
In this state, an intermediate potential is supplied to the bit
line in the next program and a write operation is carried out.
In the next verify operation, the write operation is completed.
In writing data “1” into the memory cell, when the threshold
voltage lower than the original one has been reached, the
intermediate potential is supplied to the bit line in the subse-
quent program and the write operation is carried out. The
write operation is repeated until the original threshold voltage
has been reached.

In the seventh embodiment, the data storage circuit 10 is
provided with the SDDC which holds data used in verifying
data “57, “4”, “1”, “0” in the memory cell. This makes it
possible to write the third page data at a time and verify the
data. Consequently, the write speed can be made much faster.

Inthe seventh embodiment, the SDDC is provided between
the SDC and the TDC. The installation location of the SDDC
is not limited to this. For instance, the SDDC may be provided
between the PDC and the TDC and in parallel with the DDC
as shown in FIG. 53 by the dotted line.

FIG. 57 shows a layout of a NAND EEPROM cell array to
which the first to seventh embodiments are applied;

As shown in FIG. 57, in a NAND EEPROM memory cell
array, a plurality of memory cells MC and select transistors
S1 are connected in series along bit lines BL. A plurality of
memory cells MC arranged in the row direction are connected
by a common control gate line (or word line) WL and select
transistors S1 are connected by a common select gate line
SGL. To each of the select transistors S1, a bit line BL is
connected via a bit line contact BC.

As shown in FIG. 58, the memory cell array has element
formation regions 112 formed on a silicon substrate 111. The
element formation regions 112 are separated by trenches 113.
The gates of the memory cells MC and the gates of the select
transistors S1 are formed on the element formation regions
112.

As shown in FIG. 59, memory cells MC adjacent to each
other in the direction of bit line BL share a source/drain
diffused layer 114a formed in the silicon substrate 111. A
memory cell MC and a select transistor S1 adjacent to each
other in the direction of bit line BL share a source/drain
diffused layer 1145 formed in the substrate 111. Select tran-
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sistors S1 facing each other with a bitline contact BC between
them share a source/drain diffused layer 114¢ formed in the
substrate 11.

In each of the element formation regions 112, a floating
gate 122q is formed via a first gate insulating film 121, a
tunnel insulating film. Above the floating gate 1224, a control
gate 126 is formed via a second gate insulating film 123. The
control gate 126 is a two-layer structure of a polysilicon film
126a and a tungsten silicide (WSi) film 1265. The materials
for the films 1264 and 1265 are not limited to polysilicon and
tungsten silicide. For instance, a polysilicon silicide film or
the like may be used. Since the floating gates 122a, first gate
insulating films 121, and trenches 113 are patterned at the
same time as explained later, their side faces are aligned with
one another.

On the inner walls (the bottom face and side faces) of a
trench 113, an insulating film 1135 is formed. On the side
faces of a floating gate 1224, an insulating film 1225 is
formed. In the trench 113, an element isolating insulating film
130 is formed. The element isolating insulating film 130 is
composed of a first element isolating insulating film 131 and
a second element isolating insulating film 132. As shown in
FIG. 58, the first element isolating insulating film 131 has an
extended part 131e which is formed on the right and left sides
along the inners walls of the trench 113 and is in contact with
the insulating films 1135 and 1225. The first element isolating
insulating film 131 also has a hollow part 131v in its central
part. The hollow part 131v is formed so as to take a concave
shape with the height of the extended part 131e at its peak.
The upper end of the extended part 131e is located above the
undersurface of the floating gate 1224 and below the top
surface of the floating gate 1224 and is made adjacent to the
floating gate 122a via the insulating film 1225.

The second element isolating insulating film 132 is formed
s0 as to fill the hollow part 131v of the first element isolating
insulating film 131 almost completely. The highest part of the
first element isolating insulating film 131 (the upper end of
the extended part 131e) is located above the highest part of the
second element isolating insulating film 132 (the top surface
132a). As a result, the element isolating insulating film 130
has at its top a concave part 135 in which the control gate 126
is to be buried.

A control gate 126 is formed continuously across a plural-
ity of element formation regions 112 in a direction perpen-
dicularto the bit line BL. as shown in FIG. 58. The control gate
126 constitutes a word line WL. As described above, the
height of the extended part 131e is located below the top
surface of the floating gate 122a. The top surface 132a is
positioned lower than the upper end of the extended part 131e.
Therefore, the control gate 126 is formed so as to fill not only
the top of the floating gate 122 but also the concave part 135
between the floating gates 122a. This makes it possible to
suppress the capacity coupling between the adjacent floating
gates 122a.

As shown in FIG. 59, a select transistor S1 includes a gate
1224', an insulating film 123', a select gate line SGL (films
126a' and 1264"). The gate 1224, insulating film 123", and
films 126a' and 126" are each made of the same material as
that of the individual parts 122a, 123, 126a, and 1265 of a
memory cell MC. A select gate line SGL is connected directly
(or short-circuited) to the gate 122a' by removing a part of the
second gate insulating film 123'.

Awidth ofthe control gate 126 (the word line WL), alength
between the control gates 126 (the word lines WL), a width of
the bit line BL, and length between bit lines are set, for
example, as 70 nm, respectively.
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NAND type EEPROM shown in each of the embodiments
is applicable to various electronic equipments. FIGS. 60 to 66
show the examples. FIG. 60 shows an example which applied
NAND type EEPROM of each embodiment to a memory
card.

A memory card 60 includes the semiconductor memory
device 50 constituted by the NAND type EEPROM as dis-
closed in each of the embodiments. As shown in FIG. 60, the
memory card 60 is operable to receive/output predetermined
signals and data from/to an external device (not shown).

A signal line (DAT), a command line enable signal line
(CLE), an address line enable signal line (ALE) and a ready/
busy signal line (RIB) are connected to the memory card 60
having the semiconductor memory device 50. The signal line
(DAT) transfers data, address or command signals. The com-
mand line enable signal line (CLE) transfers a signal, which
indicates that a command signal is transferred on the signal
line (DAT). The address line enable signal line (ALE) trans-
fers a signal, which indicates that an address signal is trans-
ferred on the signal line (DAT). The ready/busy signal line
(R/B) transfers a signal, which indicates whether the semi-
conductor memory device 50 is ready, or not.

Another exemplary assembly is shown in FIG. 61. The
memory card shown in FIG. 61 differs from the memory card
presented in FIG. 60 in that the memory card 60 of FIG. 61
includes, in addition to the semiconductor memory device 50
constituted by the NAND type EEPROM, a controller 70
which controls the semiconductor memory device 50 and
receives/transfers predetermined signals from/to an external
device (not shown).

The controller 70 includes an interface unit (I/F) 71, 72, a
microprocessor unit (MPU) 73, a buffer RAM 74 and an error
correction code (ECC) unit 75. The interface unit (I/F) 71, 72
receives/outputs predetermined signals from/to an external
device (not shown) and the semiconductor memory device
50, respectively. The microprocessor unit 73 converts a logi-
cal address into a physical address. The buffer RAM 74 stores
data temporarily. The error correction code unit 75 generates
an error correction code. A command signal line (CMD), a
clock signal line (CLK) and a signal line (DAT) are connected
to the memory card 60. It should be noted that the number of
the control signal lines, bit width of the signal line (DAT) and
a circuit construction of the controller 70 could be modified
suitably.

Another exemplary assembly is shown in FIG. 62. As can
beseen from FIG. 62, amemory cardholder 80 is provided for
receiving a memory card 60 having a semiconductor memory
device 50 constituted by the NAND type EEPROM as dis-
cussed in each the embodiments. The cardholder 80 is con-
nected to an electronic device (not shown) and is operable as
an interface between the card 60 and the electronic device.
The cardholder 80 may perform one or more of the functions
of the controller 70 described in connection with FIG. 62.

Another exemplary assembly will be explained with refer-
ence to FIG. 63. FIG. 63 shows a connecting apparatus oper-
able to receive a memory card or a cardholder, either of which
includes the semiconductor memory device constituted by
the NAND type EEPROM. The memory card or cardholder is
insertable in the connecting apparatus 90 and is electrically
connectable to the apparatus. The connecting apparatus 90 is
connected to a board 91 via a connecting wire 92 and an
interface circuit 93. The board 91 contains a CPU (Central
Processing Unit) 94 and a bus 95.

Another exemplary assembly is shown in FIG. 64. As
shown in FIG. 64, amemory card 60 or a cardholder 80, either
of which includes the semiconductor memory device consti-
tuted by the NAND type EEPROM, is inserted and electri-
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cally connectable to a connecting apparatus 90. The connect-
ing apparatus 90 is connected to a PC (Personal Computer)
300 via connecting wire 92.

Another exemplary assembly is shown in FIGS. 65 and 66.
As shown in FIGS. 65 and 66, a semiconductor memory
device 50 constituted by the NAND type EEPROM as
described in each of the embodiments and other circuits such
as ROM (read only memory) 410, RAM (random access
memory) 420 and CPU (central processing unit) 430 are
included in an IC (interface circuit) card 500. The IC card 500
is connectable to an external device via a plane terminal 600
that is coupled to an MPU (micro-processing unit) portion
400 of the card 450. The CPU 430 contains a calculation
section 431 and a control section 432, the control section 432
being coupled to the nonvolatile semiconductor memory
device 50, the ROM 410 and the RAM 420. Preferably, the
MPU 400 is molded on one surface of the card 500 and the
plane connecting terminal 600 is formed on the other surface.

Other implementations are readily discernable to one of
ordinary skill in the art when the present description is read in
view of the description in U.S. Pat. No. 6,002,605, which is
incorporated herein by reference.

FIG. 67 shows another embodiment to which the NAND
type EEPROM according to each of the above-described
embodiments is applied. As shown in FIG. 67, a universal
serial bus (USB) memory system 142 is constituted by a host
platform 144 and a USB memory device 146.

The host platform 144 is connected to the USB memory
device 146 via a USB cable 148. The host platform 144 is
connected to the USB cable 148 via a USB connector 150,
and the USB memory device 146 is connected to the USB
cable 148 via a USB connector 152. The host platform 144
includes a USB host controller 154 controls packet transmit-
ted on a USB bus.

The USB memory device 146 includes a USB flash con-
troller 156, the USB connector 152 and at least one flash
memory module 158. The USB flash controller 156 controls
the other elements of the USB memory device 146 and also
controls an interface of the USB memory device 146 to the
USB bus. The flash memory module 158 includes a semicon-
ductor memory device constituted by the NAND type
EEPROM according to each embodiment.

When the USB memory device 146 is connected to the host
platform 144, a standard USB process starts. In this process,
the host platform 144 recognizes the USB memory device
146 to select a communication mode with the USB memory
device 146. Then, the host platform 144 transfers/receives
data to/from the USB memory device via a first-in-first-out
(FIFO) buffer which stores transmission data called an end
point. The host platform 144 recognizes changes of physical
and electrical states of the USB memory device 146, such as
attachment/detachment, via another end point, and receives
packets to be received if any.

The host platform 144 sends a request packet to the USB
host controller 154 to request for a service from the USB
memory device 146. The USB host controller 154 transmits
the packet onto the USB cable 148. The USB memory device
146 includes the end point which has accepted this request
packet. In this case, these requests are received by the USB
flash controller 156.

Next, the USB flash controller 156 carries out various
operations such as the read of data from the flash memory
module 158, the write of the data into the flash memory
module 158, and the erase of the data. Furthermore, the USB
flash controller 156 supports basic USB functions such as
obtaining an USB address. The USB flash controller 156
controls the flash memory module 158 via a control line 160
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for controlling outputs of the flash memory module 158, and
via various signals such as /CE or a read/write signal. The
flash memory module 158 is also connected to the USB flash
controller 156 via an address data bus 162. The address data
bus 162 transfers commands of read, write, and erase with
respect to the flash memory module 158, and the address and
data of the flash memory module 158.

The USB memory device 146 transmits a state packet using
a state end point (end point 0) in order to inform the host
platform 144 of results and states with respect to various
operations which have requested by the host platform 144. In
this process, the host platform 144 checks if there is any state
packet (poling), and the USB memory device 146 returns an
empty packet or the state packet itself, when there is not a
packet of a new state message. It is to be noted that the USB
cable 148 may be omitted, and a USB connector may also be
used to directly connect the USB memory device 146 to the
host platform 144. Additionally, various functions of the USB
memory device can be carried out.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the invention in its
broader aspects is not limited to the specific details and rep-
resentative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What is claimed is:

1. A semiconductor device comprising:

a memory cell array in which a plurality of memory cells

are arranged, each of the memory cells being connected
to a word line and bit line and being capable of storing n
values (n is a natural number equal to or larger than 3);
and

a control circuit configured to control potentials of the

word line,

wherein the control circuit reads data from the memory cell

by supplying a first potential to the word line after the bit
line is precharged, and reads data from the memory cell
by supplying a second potential to the word line without
precharge of the bit line.

2. The device according to claim 1,

wherein the second potential is different from the first

potential.

3. A control method of a semiconductor device having a
memory cell array in which a plurality of memory cells are
arranged, each of the memory cells being connected to a word
line and bit line and being capable of storing n values (n is a
natural number equal to or larger than 3), the method com-
prising:

reading data from the memory cell by supplying a first

potential to the word line after the bit line is precharged;
and

reading data from the memory cell by supplying a second

potential which is different from the first potential to the
word line.

4. The method according to claim 3,

wherein the second potential is supplied to the word line,

without precharge of the bit line.

5. The device according to claim 2, wherein

the second potential is higher than the first potential.

6. The method according to claim 4, wherein

the second potential is higher than the first potential.

7. The device according to claim 5,

wherein the control circuit reads data from the memory cell

by supplying a third potential to the word line without
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precharge of the bit line after data is read from the
memory cell by supplying the second potential to the
word line.

8. The method according to claim 6, further comprising

reading data from the memory cell by supplying a third
potential to the word line without precharge of the bit
line after data being read from the memory cell by sup-
plying the second potential to the word line.

9. The device according to claim 7, wherein

the third potential is higher than the second potential.

10. The method according to claim 8, wherein

the third potential is higher than the second potential.

11. The device according to claim 9, wherein

the memory cells are configured to form a NAND flash
memory by connecting in series the memory cells.

12. A semiconductor device comprising:

a memory cell array in which a plurality of memory cells
are arranged, each of the memory cells being connected
to a word line and bit line and being capable of storing n
values (n is a natural number equal to or larger than 3);
and

a control circuit configured to control potentials of the
word line,
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wherein the control circuit reads data from the memory cell
by supplying a first potential to the word line after the bit
line is precharged and reads data from the memory cell
by supplying a second potential to the word line, the
second potential being different from the first potential.

13. The device according to claim 12, wherein the second
potential is supplied to the word line without precharge of the
bit line.

14. The device according to claim 12, wherein the second
potential is higher than the first potential.

15. The device according to claim 12, wherein the control
circuit reads data from the memory cell by supplying a third
potential to the word line after data is read from the memory
cell by supplying the second potential to the word line.

16. The device according to claim 15, wherein the third
potential is supplied to the word line without precharge of the
bit line.

17. The device according to claim 15, wherein the third
potential is higher than the second potential.

18. The device according to claim 17, wherein the memory
cells are configured to form a NAND flash memory by con-
necting the memory cells in series.
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